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Abstract
The treatment response for traumatic head injured patients can be improved by
using an autonomous robotic system to perform basic, time-critical emergency neu-
rosurgery, reducing costs and saving lives. In this thesis, a concept for a neurosur-
gical robotic system is proposed to perform three specific emergency neurosurgical
procedures; they are the placement of an intracranial pressure monitor, external
ventricular drainage, and the evacuation of chronic subdural haematoma. The con-
trol methods for this system are investigated following a curiosity led approach.
Individual problems are interpreted in the widest sense and solutions posed that
are general in nature. Three main contributions result from this approach: 1)
a clinical evidence based review of surgical robotics and a methodology to assist
in their evaluation, 2) a new controller for soft-grasping of objects, and 3) new
propositions and theorems for chatter suppression sliding mode controllers. These
contributions directly assist in the design of the control system of the neurosurgical
robot and, more broadly, impact other areas outside the narrow confines of the
target application.
A methodology for applied research in surgical robotics is proposed. The
methodology sets out a hierarchy of criteria consisting of three tiers, with the most
important being the bottom tier and the least being the top tier. It is argued that
a robotic system must adhere to these criteria in order to achieve acceptability.
Recent commercial systems are reviewed against these criteria, and are found to
conform up to at least the bottom and intermediate tiers. However, the lack of
conformity to the criteria in the top tier, combined with the inability to conclu-
sively prove increased clinical benefit, particularly symptomatic benefit, is shown
to be hampering the potential of surgical robotics in gaining wide establishment.
A control scheme for soft-grasping objects is presented. Grasping a soft or
fragile object requires the use of minimum contact force to prevent damage or
deformation. Without precise knowledge of object parameters, real-time feedback
control must be used to regulate the contact force and prevent slip. Moreover, the
controller must be designed to have good performance characteristics to rapidly
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modulate the fingertip contact force in response to a slip event. A fuzzy sliding
mode controller combined with a disturbance observer is proposed for contact force
control and slip prevention. The robustness of the controller is evaluated through
both simulation and experiment. The control scheme was found to be effective
and robust to parameter uncertainty. When tested on a real system, however,
chattering phenomena, well known to sliding mode research, was induced by the
unmodelled suboptimal components of the system (filtering, backlash, and time
delays). This reduced the controller performance.
The problem of chattering and potential solutions are explored. Real systems
using sliding mode controllers, such as the control scheme for soft-grasping, have
a tendency to chatter at high frequencies. This is caused by the sliding mode
controller interacting with un-modeled parasitic dynamics at the actuator-input
and sensor-output of the plant. As a result, new chatter-suppression sliding mode
controllers have been developed, which introduce new parameters into the system.
However, the affect any particular choice of parameters has on system performance
is unclear, and this can make tuning the parameters to meet a set of performance
criteria difficult. In this thesis, common chatter-suppression sliding mode control
strategies are surveyed and simple design and estimation methods are proposed.
The estimation methods predict convergence, chattering amplitude, settling time,
and maximum output bounds (overshoot) using harmonic linearizations and in-
variant ellipsoid sets.
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Chapter 1
Introduction
The twentieth century was the century of the surgeon. During this period surgery
was transformed from a crude and imprecise art, concerned mostly with ampu-
tations and the setting of bones, to the sophisticated and refined science of the
present day. The genesis for this transformation was the advancement of antisepsis,
and the work towards understanding the biological mechanisms behind infection
during the twilight years of the nineteenth century. With the control of infection,
surgery entered a new phase. Mortality rates rapidly declined as fewer patients
succumbed to sepsis. Emboldened by success, surgeons became more ambitious.
New techniques evolved, catalysed by the new understanding of human biology,
the technological achievements of the age, and the appalling and multitudinous
injuries resulting from industrialised mechanised warfare. The latter half of the
twentieth century saw the evolution of surgery accelerate rather than abate. Every
decade brought surgical milestones which would have seemed miraculous only a
generation before. Surgery in the twentieth century became disassociated from
its traditional image of pain, blood, and butchery, and became instead a rigorous
scientific discipline concerned with restoration, replacement, and quality of life.
The complexity of modern surgery has caused it to fracture into a myriad of
specialties concerned with every part of the human machine. Each specialty is
progressing with ever-more intricate and subtle techniques, which require ever-
more skill and care to perform. Sometimes these new procedures need elaborate
and expensive tools which drain medical resources. The increasing range of scope,
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complexity, and expense of surgical operations poses a burden on existing health-
care infrastructures. The ideal healthcare infrastructure delivers the best quality
care to the most patients. Inevitably, healthcare costs must be rationed regardless
of the funding model of any nation or state. The direction of the growth of surgery
is in conflict with this ideal. In the light of new surgical procedures, a question
facing twenty-first century healthcare is not just how to deliver better and more
effective surgery, but how to deliver more surgery, to more people, more efficiently.
Surgery is a singular craft. A craft is a process and an art, constructed from the
experience of many hours of practised labour. A robot can replace a craft if it can
be scientifically quantified, the motions kinematically rationalised, the dynamics
of the process modelled, and the knowledge structured in a crisp and deterministic
way. These factors allow the construction of a mathematical abstraction of the
physical and mental processes at work in the practise of that craft. This abstraction
is used to determine the physical characteristics of a machine, and derive a control
system to direct it.
Surgery has remained untouched by automation because of its complexity, vari-
ability, and the need for creativity and judgement by its practitioner. Significantly,
there is also a psychological barrier preventing in-roads from automation. Surgery
is perceived to be a noble and a humanitarian act. The life of the patient is in
the hands of the surgeon, and it is uncomfortable for the patient to enter into
this kind of relationship with a machine which cannot emote, and has no concep-
tion of the value of life. However, while the surgeon-robot is a distant fantasy
at present, a new trend is emerging of using automated systems to assist, rather
than replace, the surgeon. The advancement of surgery has led to new procedures
which stretch the ability and endurance of the surgeon, and require thousands of
hours to perfect. Robotic systems can facilitate these procedures, by providing
the surgeon with a new intelligent tool to augment their own knowledge, skill and
ability. This trend has a strong research following in the medical establishment,
and is being enthusiastically embraced by the robotics community. However, thus
far, robotic systems for surgery have been conservative rather than revolutionary.
They are simple and limited in scope. In one respect, this is due to a caution that
is fuelled by the justified and understandable desire for absolute safety. Absolute
safety is a condition of acceptance in the clinical arena. Thus, only systems which
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are conservative in their approach are likely to gain acceptance.
Extending the scope of robotics in surgery requires new designs and more
sophisticated control systems. The surgical environment is complex and unpre-
dictable, and does not lend itself easily to mathematical abstraction. This makes
it difficult to generate control systems for even simple tasks. The difficulty of
controlling robotic systems for surgery, not just in the classical sense of a feedback
system, but in the wider sense of providing an intelligent system that encompasses
judgement, precise situation-dependent control, etc, is only starting to be explored.
In this thesis, a neurosurgical robotic system is addressed explicitly from a con-
trol system perspective. A case is presented, based on a current clinical need, for an
autonomous robotic system to perform basic, time-critical emergency neurosurgery
under the supervision of a non-specialist clinician. Three specific emergency neu-
rosurgical procedures are chosen as the focus of this work; they are the placement
of an intracranial pressure monitor, external ventricular drainage, and the evacu-
ation of chronic subdural haematoma. The medical background of each procedure
is explored via interviews with the collaborating neurosurgeon, and a survey of
the published literature. Each procedure is rationalised and deconstructed into
discrete tasks that encompass a set of motions and actions, environmental charac-
teristics, and potential consequences and complications. This analysis is used to
inspire a concept for the robotic system, and to generate a list of control problems
which the robot will encounter.
One specific task is focused upon; skin pinching and soft tissue manipulation.
A curiosity-led approach is adopted in this thesis. Individual problems are inter-
preted in the widest sense and solutions posed in the most general form. The
aim is to make contributions to the field of control beyond the narrow confines
of the target problem. Thus, in pursuit of some narrow control objectives, the
work herein ranges from soft-grasping objects, sliding mode control, fuzzy-sliding
surfaces, and the most significant contribution, new propositions and theorems for
chatter suppressing in sliding mode control.
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1.1 Surgical Robotics: Past, Present and Future
Robotic systems for surgery can be categorised by their autonomy and invasive-
ness. Robotic guides position a tool or jig in physical space based on preoperative
image data. These systems are non-invasive as the surgeon performs all invasive
tasks. For example, the SpineAssist system [4] was developed for pedicle-screw
placement in spinal-fusion. The Pathfinder [5] and NeuroMate [6] robotic sys-
tems were developed for frameless positioning in stereotactic neurosurgery. Both
robotic systems move into a set position under their own actuation. The joints
then lock, and the surgeon uses the system as a fixed guide. Although both sys-
tems have active joints, there is no physical interaction between the robot and
patient. After positioning, all interaction is performed manually by the surgeon.
Robotic guides reduce the potential risk to the patient from the robot as the sur-
geon retains complete control. However, inevitably, some of the potential benefits
of applying robotics to surgery are precluded by such a tight design restriction,
and considerable effort must be expended on making creative and elegant designs.
Autonomous invasive robots perform certain tasks of the surgery under the su-
pervision of a clinician. This approach produces accurate and repeatable results.
However, to date, autonomous and invasive systems have not been successful. The
MINERVA system [7] was used to perform autonomous neurosurgical biopsy, but
its high cost, which included the cost of a dedicated CT scanner, prevented any
commercial exploitation, and the project has since ceased. The PROBOT sys-
tem [8] was the first to perform surgery on soft-tissue, in this case the prostate.
However, it was found that surgeons were often uncomfortable being relegated to
a supervisory role in such a sensitive and safety critical task. The investigators
preferred to keep the surgeon-in-the-loop, and so abandoned the active concept.
The most successful attempt at an autonomous invasive robotic system is the RO-
BODOC system [9] for autonomous orthopaedic operations. Even so, this system
has yet to make any significant impact on current surgical practice. Autonomous
systems are attractive because they can improve the efficiency, accuracy, and re-
peatability of a surgical procedure. Nevertheless, system safety is dependent on
the vigilance of the clinician, who is not directly involved in the operation and is
remote from the tool interface.
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A different approach is to use intelligent tools [10]. In this case, the surgeon
retains control of the overall operation, but can use an intelligent tool to perform a
specific, limited task autonomously. The design of the tool can be optimised around
its single role. Simpler design requirements lead to safer, more relaible, and less
expensive tools. Recent examples include robotic micro-drills [11], steerable endo-
scopes for arthroscopy [12], and tools for tremor cancellation [13]. Intelligent tools
are potentially a more adoptable smaller-scale alternative to more comprehensive
surgical robotic systems.
Semi-autonomous systems share the control of the operation between the sur-
geon and the robot. The advantages of an autonomous system are exploited, while
retaining the operator-in-the-loop. The Acrobot system [14] is a semi-autonomous
robotic system developed to assist in bone resection tasks, such as total hip and
knee replacement procedures. The tool-tip is manipulated by the surgeon, but is
constrained by the robot to within an envelope or along a contour defined in a
pre-operative image. Robotic systems for minimally invasive surgery, such as the
Zeus [15], da Vinci [16], and NeuroArm [17] systems, use a master-slave architec-
ture. The robotic slave, which performs the operation, is controlled directly by the
surgeon at the master console. This method can increase precision by reducing
tremor, scaling motion for finer movements, and increasing dexterity and reach
within the body. The da Vinci system is the most successful commercial surgical
robotic system to date, and has shown improved surgical performance and patient
outcomes in minimally-invasive radical prostatectomy [16, 18].
1.2 Clinical Need
Head-injury is a global healthcare problem. In the young, head injuries account
for 15-20% of all fatalities between the ages 5-35 years [19]. In the elderly, atroph-
ication of the brain with age can mean even trivial head-injuries require treatment
[20]. The prevalence and potential severity of head-injuries means a rapid treat-
ment response is vital. Current guidelines dictate that patients requiring neuro-
surgical assistance should be treated within four hours. However, a study by the
National Confidential Enquiry into Patient, Outcome and Death (NCEPOD) [21]
found that more than half of head-injured patients were treated in local hospitals
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first before being transferred to a neurosurgical centre - such patients may have
needed stabilisation before transport. Only 14% of those transferred received neu-
rosurgical treatment within four hours. Patients who had to undergo emergency
neurosurgery in a non-neurosurgical centre were found to have a 26% increase in
mortality. To guarantee the four hour limit for all patients, local hospitals would
need some neurosurgical capability.
Whether a suspected head-injury case should go directly to a neurosurgical
centre or to a local hospital first is an unresolved question. Transport directly
to the neurosurgical centre reduces delays, but stretches the centre’s resources.
Neurosurgical centres are geographically sparse, with resources heavily in demand.
It has been reported that as low as 43 neurosurgical intensive care beds are available
nationwide [21]. Alternatively, patients are taken to a local hospital first, and if
necessary, transferred to a neurosurgical centre. This too has its problems. As
well as contributing to delays in receiving neurosurgical treatment, the transfer
process is expensive, diverts key staff for several hours, and is difficult to organise.
Logistical arrangements were described in the NCEPOD report as being ad-hoc
and haphazard. The accumulative cost of each transfer can be as high as £20,000.
New approaches are necessary to reduce both the costs to the NHS and risks to
the patient.
There is a clinical need for a mechatronic device to assist a non-specialist clin-
ician in performing basic emergency neurosurgery, remote from a neurosurgical
centre. A basic capability for emergency neurosurgery in a local hospital would
be invaluable, and would have a major impact on patient outcomes. The device
also has utility wherever neurosurgical coverage is poor, such as remote commu-
nities, developing countries, offshore structures, and battlefield hospitals. Three
interventions are targeted for the first prototype: the insertion of an intra cranial
pressure monitor, external ventricular drainage, and drainage of a chronic subdu-
ral haematoma. They are performed frequently, and can cost a single NHS trust
up to £2.5 million a year.
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1.3 Contribution to Knowledge
This thesis contains three distinct contributions connected through the shared
theme of control methods for a neurosurgical robot. The medical context produces
several unique and unusual control problems. The scope of these problems is
narrow and their direct solutions may be restricted to the specific application. In
order to engender more expansive contributions, the set problems are interpreted
in the widest possible sense, and solutions are aimed at which comprise a degree
of generality. These new problems may appear to be only indirectly related to the
core tasks, however, each contribution has direct implications on the present work.
The work has generated two journal publications, a third publication under review,
and a number of publications of work presented at international conferences. These
are included in the appendix for ease of reference.
The first contribution is an exploration of the current state of commercial
surgical robotic systems. Existing systems are surveyed and their purpose, evi-
dence of their efficacy, safety, usability, compatibility and cost are examined. It
is found that current commercial robotic systems have poor evidence of efficacy
and a paucity of high quality evidence in general. Moreover, it is argued that the
inability to prove a favourable cost-to-benefit ratio is the most significant factor
hindering their widespread adoption in surgery. Based on this analysis, a new
methodology that uses a hierarchy of criteria is presented. It is argued that the
use of this methodology can assist in designing a system which is more likely to
be accepted by clinicians.
The second contribution is a control scheme for soft-grasping. Soft-grasping
involves minimising contact force while maintaining a static grasp, i.e. prevent-
ing slip. Soft-grasping is a broad interpretation of the skin pinching and tissue
manipulation tasks which must be performed by the robotic system. A new con-
trol scheme is presented that combines a disturbance observer, and a sliding mode
controller with a fuzzy sliding surface (referred to herein as fuzzy-sliding mode
controller or FSMC). The scheme is shown in simulation and experiment to be ro-
bust to a wide class of uncertainties and disturbances. However, it was also found
that, when used in a practical system, the nonlinearity in the controller feedback
loop tended to induce chattering in the output.
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Chattering is a common phenomenon in sliding mode control and relay feed-
back systems. It is the most significant drawback of this otherwise robust and
simple control technique. The problem caused by chattering of the soft-grasping
controller is the justification for the third contribution in this thesis. A survey of
chatter suppression sliding mode controllers and methods is presented, and new
algorithms, propositions, and theorems are proposed for their tuning and perfor-
mance estimation. Specifically, new design methods are proposed for observers
and compensators to suppress chatter. New algorithms are derived for estimating
chattering amplitude and settling time of chatter suppressing sliding mode con-
trollers using harmonic linearization. Finally, a new procedure is proposed for
obtaining maximum output bound of the chatter suppressing controllers using the
concept of invariant ellipsoids and linear matrix inequalities.
1.4 Disposition of the thesis
This thesis has the following structure: In chapter two, a structured methodology
is proposed and used to critically evaluate existing commercial surgical robotic
systems. The robotic systems are assessed using available clinical evidence. The
aim is to identify the reasons for success and failure of these systems, and use
these lessons to inform and direct the present work. In chapter three, the clinical
need is defined and an evidence based review of each of the proposed neurosurgi-
cal procedures is presented. In particular, different methods are investigated for
efficacy, complications that may occur, and potential routes to automation. In
chapter four, the challenge of producing a system that can robustly and safely
assist with these procedures is addressed. A system concept is proposed and the
adjoining control problems resulting from this concept are defined using experi-
mental results. In chapter five, a new control scheme for soft-grasping is proposed
using a fuzzy sliding mode controller combined with a disturbance observer. The
controller is shown to have good performance and robustness properties in both
simulation and experiment. However, chattering phenomena or high frequency
oscillations were found to occur which reduced performance. This chattering is
addressed exclusively in chapter six. Chatter suppression methods are surveyed
and new theoretical results presented for tuning and performance estimation of
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these methods. Finally, the conclusions of this thesis and recommendations for
future work are presented in chapter eight.
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Chapter 2
Robotic Assistance in Surgery
Surgical robotics is a growing discipline, continuously expanding with an influx of
new ideas and research. As with any new concept in its ascent, it is important that
the development of new systems take account of past mistakes and successes. A
structured approach is necessary to ensure the lessons of the past are not obscured
as research in this area proliferates - resulting in the repetition of mistakes and
wasted effort and energy. In this chapter, a structured methodology is proposed
and used to critically evaluate existing commercial surgical robotic systems. The
purpose of this undertaking is to identify the reasons for success and failure of
these systems, and use these lessons to inform and direct the present work.
There are several possible research paths for surgical robotics, each with dif-
ferent risks, opportunities, and methodologies. The methodology proposed in this
chapter is for ’applied research’ in surgical robotics. The methodology sets out a
hierarchy of criteria consisting of three tiers, with the most important being the
bottom tier and the least being the top tier. It is argued that a robotic system
must adhere to these criteria in order to achieve acceptability. Recent commercial
systems are reviewed against these criteria, and are found to conform up to at
least the bottom and intermediate tiers, the most important first two tiers, and
thus gain some acceptability. However, the lack of conformity to the criteria in
the top tier, and the inability to conclusively prove increased symptomatic clinical
benefit, is shown to be hampering their potential contribution to surgery.
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2.1 Progress of Surgical Robotics
The field of surgical robotics began in the mid-1980s with the published clinical
trials of Kwoh et al. [22] using a PUMA 200 robot for frameless stereotaxy. Since
then, research in this field has expanded considerably. There are a number of
excellent reviews of surgical robotics [23, 10, 24, 25]. The most recent, by Pott
et al. [25] recorded 159 robotic devices in fields including medical imaging, ab-
dominal and thoracic surgery, ENT, oral and maxillofacial surgery, neurosurgery,
orthopaedics, radiosurgery, trauma surgery and urology, and yet this review was
not exhaustive. Figure 2.1 shows the annual number of publications found using
three databases PubMed, IEEE Xplore and ISI web of knowledge under the search
term ’surgical robot’ and including the terms ’surgery’ and ’robotic’. The results
show a clear trend of increasing publications year-on-year since the opening phases
of the field. It is now widely accepted that surgical robotics is a field of its own,
distinct but not disconnected from the bulk of robotic research.
Figure 2.1: Database search of surgical robot publications.
Practical examples of surgical robots in the operating room are rare despite the
growth that has occurred in recent years. Few go on to clinical trials, and fewer still
to any kind of commercial exploitation. There are a number of reasons, outside
the roboticist’s control, which can explain this discrepancy. It may, for instance,
be simply a matter of timing; that the field is still reaching a stage of maturity
where robotics is seen as a normal hospital tool to improve clinical outcome rather
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than an extravagant feature used by a few clinicians. Conservatism by the medical
device industry and medical authorities, and the high cost and lengthy process
of approval to work on patients may also play a significant part. Although these
arguments carry some weight, they are not wholly satisfactory in explaining such
an acute discrepancy. Flaws in the attributes and processes by which some of the
robotic systems have been realised must also be considered.
Of the clinical trials that have been undertaken, the surgeons’ comments are
often revealing. Complaints regarding the ease of use and steep learning curves,
the practicality of having such equipment in the operating room and the high
capital cost associated with such systems are frequent, and are representative of
the kinds of problems prohibiting widespread adoption. Furthermore, it is rare that
such trials provide a clear demonstration of improved outcome over conventional
surgery. This can partly be attributed to the limitations of the studies, but when
considered against cost, it is a vital factor in determining whether a robotic system
will be adopted by a clinician or not.
The direction of future applied research must lie on the foundations of the
principles derived from past successes and mistakes. With the volume of research
proliferating, there is real danger of this experience becoming lost under the mass
of new material, resulting in the repetition of flaws and the wasting of effort and
energy that could otherwise have been usefully applied. A formal and structured
methodology, used to evaluate ideas and designs, is one approach to ensure that a
measure of standardised best-practice is followed. Thus, proposed in this chapter
is a design methodology that uses a hierarchy of criteria to act as a framework
in establishing the value of a surgical robotic system. It is proposed that clinical
acceptance is defined by these criteria, and that the principles outlined should
be embedded in any applied research developing a surgical robotic system. A
literature review of recent and current commercial systems is then presented and
evaluated against this methodology.
2.2 Methodology for Design and Appraisal
The methodology considers six points in evaluating a surgical robotic system:
clinical need, clinical effectiveness, safety, cost, compatibility and usability. Each
12
criterion can be considered part of a three-tiered hierarchy, in the form of an
inverted triangle, that differentiates their importance, as shown in figure 2.2. Each
layer must be successively ’filled’ for the above to add value. Furthermore, the
strength of the case to complete each criterion does not add equal value but is
rather weighted according to their assigned tier - the bottom tier being the most
heavily weighted and the top tier the least weighted.
Figure 2.2: A hierarchy of criteria for a surgical robotic system.
The bottom tier, encompassing the criterion ’clinical need’, is the purpose and
motivation behind the project. A clinical need involves identifying the opportunity
for robotic assistance in surgery based on a current deficiency. A clinical need is
the most important element as it underlines the entire purpose and specification
of the robotic system. The intermediate tier is related to the robotic system’s
performance. It consists of two criteria; clinical effectiveness and safety. These
requirements must be fulfilled to give the robotic system value once a useful pur-
pose (bottom tier) has been established. If neither can be demonstrated, then the
robotic system may have a purpose but is unable to carry out the role in an ac-
ceptable way. For instance, if there is a clear role for a robotic system to improve
a surgical procedure, but the design of the system means that it cannot guarantee
safety, the system will be ineffectual despite having a purpose.
The top tier considers the robotic system practicalities. None of the points in
this layer would necessarily preclude a surgical robotic system if left unfulfilled;
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however practically, if these are not addressed to some extent, it would be unlikely
for the system to achieve wide acceptance. The boundary between the intermediate
tier and the top tier can be thought of as the difference between a prototype and
a product. The six criteria that form the hierarchy are now described: A clinical
need is an established prerequisite of any surgical robotic system. It will ultimately
define the project goals. Ideally, a clinical need should be determined by a research
partnership between engineer and surgeon or other physician in the relevant area.
Frequently cited areas identified as a clinical need are in bone resection tasks,
minimally invasive surgery and stereotactic surgery. These areas have all spawned
commercial systems.
To gain acceptance, a robotic system must demonstrate competent or better
clinical effectiveness relative to a conventional alternative and achieve a favourable
cost-to-benefit ratio. This effectiveness can be realised in a number of ways, e.g.
better success rate, reduced rate of complications, hospitalisation time and re-
duced blood loss. Ultimately, the clinical effectiveness of a device with respect to
a conventional surgical procedure, relative to its cost, will form the basis of its
acceptability to any decision-making medical authority.
A medical device is required to undergo a strict and vigorous approval process
to prove its safety, and surgical robotic systems are no exception. An appropriate
design methodology must be used that can identify foreseeable risks and provide
an appraisal of the safety controls put in place to mitigate those risks. Safety fea-
tures vary from system to system. Common attributes include redundant sensors,
emergency brakes, watchdog timers for control software, kinematics and software-
based restrictions, etc. Some authors have limited the role of the robotic system
to increase safety, such as restricting to passive roles, e.g. using the robotic system
as a tool guide. On the other hand, limiting the robotic system’s role reduces the
clinical benefit that it can add.
A surgical robotic system must be compatible first with its environment and
then with common surgical tools. In the first instance, the environment that the
system must operate in must be considered. For example, if the robotic system is
required to operate in a small operating room, cluttered with instruments, it must
be designed to suit this environment. Cost refers to the full cost (initial outlay,
running costs, service costs, maintenance costs, etc) of the robotic system to the
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hospital. Current commercial systems are expensive, particularly in their initial
capital costs. This is considered in the top tier rather than in a lower tier despite
the fact that it can be, and is often cited as, a significant prohibitive factor to
adopting a surgical robotic system. This is because, as a measure, it is highly
variable and not necessarily dependent on the robotic system itself. Differences in
business model and market trends could render a device cheaper. Health-spending
per patient is different from country to country, and if effectiveness is shown,
patient demand may force finance to be made available. Usability refers to the
interaction between the surgeon and the robotic system when operating. For
example, the user interface of the system must be easy to use and easy to learn,
particularly when the robotic system performs only a small part of the procedure
or is seldom used. The interface should ideally be intuitive and comfortable to the
surgeon’s natural work flow. Overly complex and difficult to use interfaces add to
lead times of any system and can significantly increase expense if the surgeon time
is monopolised by training and frequent refresher courses. Furthermore, complex
and misleading interfaces may increase instances of human error. An interface
must be carefully and ergonomically designed to provide information needed by the
surgeon during a surgical procedure with the option to access auxiliary information.
2.2.1 Alternative Methodologies
Advances in the field of surgical robotics are the result of work conducted through
one of several research paths, each with different aims, methods and requirements.
The methodology outlined is a single type of research path, namely applied re-
search, where the goal is to produce a useful product. There are, in general, four
different research paths, namely surgeon-led research, pure research, applied re-
search and engineering-led research. The definition of each is given in table 2.1
with typical examples. It should be noted that the research paths are not discrete
but interlinked, and there could be cases where one research path transforms into
another as a project evolves.
Surgeon and engineering-led research paths are the simplest of the different
paths. They have limited short-term goals and are relatively low-risk. The surgeon
and engineer can follow these lines of research mostly in isolation from one another,
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Table 2.1: Definition of research paths.
Research Type Example
Surgeon-led Research to improve surgical techniques, or develop new techniques,
research using existing medical devices and technology, e.g.
- investigating the effect of the medical device on patient outcome
and surgical process;
- exploring new techniques and methods for surgery by using existing
devices in different ways.
Pure research Research into new surgical techniques that use new concepts or
technology, e. g.
- co-development between surgeon and engineer, of novel treatments
for which the technology is intrinsic.
Applied research Solving problems and inefficiencies in current surgical practice
by creating new technology, e.g.
- developing a new tool or medical device;
- equipment to streamline surgical processes and protocols.
Engineering-led Research into finding surgical applications for new engineering
research concepts, e.g.
- investigating surgical applications for systems which originally
had a different engineering application;
- using new algorithms, mechanisms or devices in a surgical context.
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and there is less need for the difficult transition from one academic discipline,
with its own language, methods, and culture, to the other. Their principal aims
are in general, purely exploratory, or are the extensions of existing techniques
or technology. Surgeon and engineering-led research paths make an important
contribution to development of the other research paths. Engineering-led research
is often the birthplace of ideas and concepts that form part of the engineers’
collected experience when developing new devices. Surgeon-led research improves
the way existing robotic systems are used, in some instances, by finding new and
more profitable uses not intended by the original inventors. Conducting surgeon
and engineering-led research contributes to the success of the pure and applied
research paths.
Pure research is the most challenging of the research paths. The research goals
tend to be nebulous, refined or abandoned as the research proceeds. This makes it
difficult to define any clear structure or methodology to follow. It is fundamentally
a non-linear process. It is also lengthy, requiring many years of research effort
before any tangible results are gained, and high-risk, as there is a chance that no
tangible results will ever occur. On the other hand, successful pure research has
the most potential of all the research paths to fundamentally revolutionise surgical
methods and improve patient outcome.
The pure research path generally involves both the surgeon and the engineer co-
developing the problem. This requires a close surgeon-engineer relationship, with
a high degree of cross-disciplinary interaction. Some state-of-the-art developments
are following this research route, establishing a clinical need by co-developing novel
treatment modalities for which robots are intrinsic. For example, the HeartLander
robot proposes a novel design for a surgical end-effector [26]. This system uses a
miniature two-footed crawling robot that is able to attach and crawl across the
epicardial surface of the heart and thus allow the surgeon to reach difficult areas
to deliver myocardial injections or use other microtools through a 2-mm working
port without immobilising the heart.
Micro-robotics is another example of a pure research project with signifcant
potential for robotics in surgery - though it has yet to be fully realised in any
practical or commercial sense. Potential areas for exploitation of this technology
include microsurgery, cell handling, and sensing and diagnosis, within the intraoc-
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ular, cardiovascular, and inner ear environments. A variety of designs have been
proposed. Lu and Kim [27] suggested a four-fingered microhand actuated by in-
flating balloons at the joints for the manipulation of small objects, such as cells.
Other authors have advocated the use of swimming micro-robots to effectively
extend the surgeon’s reach inside the body without the need for invasive interven-
tions. Such technology could be useful as a diagnosis facility by supplying specific
information direct from the location under examination. A variety of swimming
mechanisms have been proposed, including electromagnetic fins [28], oscillating
elastic tails actuated by piezoelectrics [29], the use of external magnetic fields [30],
and biomimetic propulsion based on the flagellar motion of prokaryotic microor-
ganisms [31]. Dario and Menciassi [32] are in the process of developing a capsule
with legs that would enable it to crawl in the body for endoscopic analysis of the
gastrointestinal tract. Such devices are in an early state of development, but there
may be considerable potential to create new and possibly revolutionary operative
methods if and when this technology matures.
Applied research is between the other research paths in terms of difficulty. In
general, it has one overall goal; the development of a surgical robot for a specific
task. The surgeon-engineer relationship is more traditional with precise roles; the
surgeon is effectively the client who decides the problem and provides feedback, the
engineer is the problem-solver and product developer. The research is linear and
a methodology, such as that described in this chapter, can be followed. Applied
research is rarely revolutionary; however, in the medium term, it is the most likely
of the research paths to produce new systems that can impact surgical outcomes.
2.3 Evaluation of Commercial Surgical Robotic
Systems
Eleven commercial surgical robotic systems are evaluated against the methodology
outlined in section 2.2. The criterion for selection is that each robotic system has
had published clinical trials listed in the PubMed database after 2005. A complete
list of the robotic systems including a brief description of their function is included
in appendix A. AESOP R© and Zeus R© are no longer promoted systems as of a recent
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merger between Computer Motion Inc. and Intuitive Surgical Inc., though both
products continue to be supported. ROBODOC R© was until recently withdrawn
from sale after Integrated Surgical Systems temporarily ceased operations due
to financial difficulties; however, it has re-emerged with financial backing from
Novatrix Biomedical Inc. The Naviot R© system was withdrawn due to the low sales
and limited popularity of the device. Acrobot R©, SpineAssist R© and Pathfinder R©
are still under development and thus have few clinical trials and few units sold at
present. Cyberknife R© and the da Vinci R© system are two of the more established
robotic devices with a large number of clinical trials.
Clinical trials are chosen from the PubMed database using the robotic system
name as a search term. The trials for each system and their respective quality score
are shown in table 2.2. Where the collected pool of evidence is small, all published
clinical trials in English language are used for assessment. These are categorised
as ’exhaustive’ in table 2.2. For those with a large number of published trials,
only larger studies (more than a hundred participants) in English language and
post-2005 are used. These are categorised as ’2005+, 100+’ in table 2.2. The
study size criterion for AESOP and Zeus is omitted to retain sufficient evidence
for assessment of the device. These are categorised as ’2005+’. The purpose of the
chronological threshold is to ensure that the trials represent the most up-to-date
version of the system. The trials for the da Vinci system are further refined to
radical prostatectomy procedures to reduce the number of trials and to facilitate
comparison. To date, radical prostatectomy is the most common and successful
procedure to be performed by this system.
Each clinical trial is assigned a quality grade: high, moderate, low or very low.
The grades are based on definitions of the GRADE evidence classification scheme
[3]. The criteria for each evidence grade are summarised in table 2.3. Clinical
trials can be assigned higher or lower scores depending on their individual merit.
Ref. [41] is an observational study; it is upgraded twice from low to high, be-
cause it has a large sample size and it directly compares robotic and non-robotic
alternatives. The large sample size suggests that evidence of association is likely
to be strong. The comparison of robotic and non-robotic alternatives is non-
randomised; however, patients are given a choice about treatment options. Bias
towards a particular treatment will be exposed by the patients’ selection. Refer-
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Table 2.2: Surveyed clinical trials and classification
Clinical evidence (referenced papers)
System High Moderate Low Very low Evidence Selection
Acrobot - [33] - - Exhaustive
AESOP [34] - [35, 36] - 2005+
Cyberknife - - [37, 38, 39] - 2005+, 100+
da Vinci [40, 16, 18] [40, 41] - - 2005+, 100+
EndoAssist - - [35, 42, 43] - Exhaustive
Naviot - - [44] [45, 46] Exhaustive
NeuroMate - [6] - - Exhaustive
Pathfinder - - [47] [48] Exhaustive
ROBODOC [49] [50] [9] - 2005+, 100+
SpineAssist - - [51, 52] - Exhaustive
Zeus - [53, 54, 55] - - 2005+
Table 2.3: GRADE evidence classification scheme [3]
Grade of evidence Citeria for assignment
High Randomised controlled clinical trial or systematic review
Moderate Upgraded observational study or downgraded randomised trial
or systematic review
Low Observational study
Very low Other evidence
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ences [41] and [56] are observational studies; these are upgraded once from low
to moderate, because they have large sample sizes with directly measurable ef-
fects. The study of ref. [50] is an observational study; it is upgraded once from
low to moderate, because it directly compares robotic and non-robotic alterna-
tives. References [55] and [53] are observational studies; these are upgraded from
low to moderate, as they directly compare robotic and conventional surgery in a
non-randomised trial. References [33] and [54] include randomised clinical trials;
these are downgraded from high to moderate, because they have a small sample
size. Reference [6] is a randomised clinical trial; it is downgraded from high to
moderate, because there is no postoperative follow-up of the patients. Reference
[34] is a review paper; it is downgraded twice from high to low, as there is no
comparison with alternative therapies, and few meaningful metrics are given to
compare between surveyed trials.
2.3.1 Clinical need
The establishment of a clinical need should always be a precursor to the develop-
ment of a surgical robotic system in applied research, to ensure that the project
is clinically driven, with a problem definition and clear objectives. Therefore, a
deficiency in current surgical practice must first be identified; then the possibility
that a robotic system may form part, or all, of the solution must be evaluated.
Ideally, this definition phase will be based on a systematic approach led by a re-
search partnership between surgeon and engineer, where the surgeon can provide
a source of reference on the surgical procedures and critically evaluate proposed
robotic solutions.
The major areas of clinical need among the evaluated commercial systems are
shown in 2.4. They include bone resection, endoscope control, frameless stereotac-
tic systems, minimally invasive surgery, screw placement and radiosurgery. Each
area has a clearly defined deficiency in current surgical practice. Minimally in-
vasive surgery, for example, is a technique able to minimise surgical trauma to
the patient by performing surgical tasks through small incisions in the skin using
trocars and microtools. However, such a technique is known to have a number
of drawbacks for the surgeon. These include reduced depth perception from the
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use of an endoscopic camera, difficult hand-eye-target coordination, magnification
of hand tremor through long instruments (e.g. the trocars), limited range of mo-
tion and degrees of freedom, reversed motion through the fulcrum point at the
skin incision, limited tactile feedback and increased fatigue due to camera insta-
bility [57]. Furthermore, there are a number of difficulties over the control of the
endoscopic camera which, during surgery, is given to an operative assistant who
must attempt to align the view of the camera according to the surgeon’s instruc-
tions. The use of robotic systems for the control of an endoscope (camera), such
as AESOP, EndoAssist or Naviot, can address this disadvantage by allowing the
surgeon to control the camera directly through a convenient control interface such
as a foot pedal or a finger joystick, or through more sophisticated means such as
voice control or motion of the surgeon’s head [58, 59]. More comprehensive, and
thus more expensive, robotic systems, such as the da Vinci system or the Zeus
system, go beyond simple camera manipulation by performing entirely minimally
invasive interventions inside the body under direct surgeon control. Such robotic
systems are based on a master-slave architecture that allows for processing and
augmentation of the surgeon’s inputs at the master-control for physical realisation
at the slave-robot. The outcome of this is that the robotic device can mitigate
many of the disadvantages of the minimally invasive technique by providing more
precise and controlled motions at the robot tip, in addition to a more intuitive and
user-friendly interface at the surgeon console.
The accurate resection of bone or precise alignment tasks such as pedicle screw
placement in the spine and the locking of an intramedullary nail in femoral shaft
fractures require a relatively high degree of three-dimensional accuracy. This is
a challenging task for a surgeon to perform manually as it requires a complex
transformation from imaging data to physical space. A robotic system can register
its workspace to an image set and perform a part of, or the entire procedure, either
actively - for instance in the case of ROBODOC which performs bone resection
autonomously - or passively by providing guidance for the surgeon to perform the
procedure accurately - for instance SpineAssist, a robotic device that is attached
to the spine to provide a physical guide for the surgeon to orientate the pedicle
screws. Acrobot, in contrast, is a hybrid of active and passive systems which uses
active force control and dynamic constraints to restrain the surgeon’s freedom.
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Table 2.4: Description of clinical need
Clinical need Description Robotic systems
Bone The accurate cutting of bone in, for example, knee joint Acrobot
resection surgery, and placement of prosthesis or implants. ROBODOC
Endoscope Robot holds and moves an endoscopic camera under surgeon AESOP
control control during minimally invasive surgery. Normally held EndoAssist
by an operative assistant who must attempt to predict the
optimum view based on the surgeon’s instructions and hold
the camera steady with minimum tremor.
Frameless A stereotactic frame is used to align a tool-guide with a NeuroMate
stereotactic calculated desired trajectory. The frame is mounted on to Pathfinder
surgery a base-ring, which is attached to the patient’s head prior
to pre-operative imaging. Attaching the base ring to the
patient’s head requires an additional procedure.
Minimally Performing surgery through a set of small incisions in the da Vinci
invasive body using trocars with microtools at the distal end, and an Zeus
surgery endoscopic camera.
Screw Accurate placement of screw/nails in surgery. For example, SpineAssist
placement the placement of pedicle screws in lumbar spinal fusion or
locking of intramedullary nail in femoreal shaft fracture.
Radiosurgery Use of targeted radiation doses to ablate malignant Cyberknife
tumours and benign lesions. High levels of accuracy are
required to make the radiation dose conform to the tumour
shape and minimise damage to surrounding tissue.
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In this case, the surgeon retains direct control of the end-effector (cutting tool),
but is constrained by the robot to cutting within a permitted region programmed
pre-operatively using imaging data.
A stereotactic frame is a mechanical device that is commonly used in neu-
rosurgery for precise targeting of structures within the cranium. However, the
disadvantages associated with these frames include the following: (1) a secondary
procedure is required to fit the base ring of the frame, (2) the frame is bulky and
uncomfortable for the patient and (3) guide positioning can be time-consuming
and is a potential source of errors [5]. Robotic systems, such as NeuroMate and
Pathfinder, have thus been proposed that can register to pre-operative images and
can provide an accurate frameless option for guide positioning. Similarly, robotic
systems such as Cyberknife have been used to overcome the problems associated
with stereotactic frames in radiosurgery procedures, the treatment of brain disor-
ders using ionising radiation - with additional benefits such as extracranial radio-
surgery and motion tracking [38].
2.3.2 Clinical Effectiveness
A surgical robotic system must demonstrate at least equivalent levels of effective-
ness to a conventional non-robotic approach to gain clinical acceptance. Further-
more, the decision to adopt a robotic system for surgery will ultimately be based on
a cost-to-benefit ratio, and so a system that can demonstrate effectiveness greater
than a non-robotic intervention will have a high potential for success. Effectiveness
can be assessed through direct comparison in clinical trials. The ideal clinical trial
has a large sample group, is randomised and double-blind, and is multi-centred
to take account of differing surgeon skills and methods and hospital protocols.
However, in practice it can be difficult to build a sufficiently large body of evi-
dence of this kind of quality to draw conclusions regarding a system’s effectiveness.
Firstly, the process is costly, time-consuming and takes a number of years to com-
plete. Most surgical robotic enterprises are small and lack the infrastructure and
resources of major organisations to carry out rigorous trials.
Secondly, it is difficult to directly compare non-robotic surgery to robotic
surgery. Surgical methods and experience differ between surgeons and institu-
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tions, with some having better, and some worse, than average surgical outcomes.
Thus, when comparing the results of a robotic surgery with a non-robotic equiva-
lent surgery, the difference in outcome could be overstated or understated. Clinical
trials are a vital resource for assessing effectiveness; however, more high-quality
trials are necessary for robust assessments. The evidence for effectiveness of each
of the surgical robotic systems is summarised in table 2.5. The information is
taken from a review of the clinical trials referenced in table 2.2. Three metrics are
considered and compared to a specific non-robotic procedure: functional or symp-
tomatic outcome, operative outcome and failure rate. Functional or symptomatic
outcome is the resulting benefit to the patient’s quality of life after the operation,
for instance, the time taken for the patient to regain some previously impaired
function, e.g. walking. Operative outcome refers to measurable improvements in
the performance of the surgery. Examples include accuracy, blood loss and occur-
rences of minor complications. Functional or symptomatic outcome is the more
important of these two outcomes as it is directly linked to the patient’s recovery.
Operative outcome is only of value if it conveys some post-operative effect. Both
outcomes are assessed relative to a comparative surgical procedure using ratios
(in bold in table 2.5) equal to robot performance divided by comparative surgery
performance. For example, an accuracy (in degrees or millimetres) of less than one
indicates that better accuracy is obtained for the robot system compared to the
non-robotic procedure. The third metric is failure rate, which considers instances
of breakdown of the robotic system or its supporting components. In many cases,
system failure leads to completion of the surgical procedure using conventional
techniques. Thus, high failure rate diminishes the justification for the robotic
system. The strength of each result in 2.5 is assessed by the respective evidence
quality in the last column using the GRADE system described previously (table
2.3).
There is significant evidence of improved operative outcomes as a result of
robotic assistance in surgery. Robotic systems developed for bone resection, stereo-
tactic surgery and screw placement (Acrobot, ROBODOC, Pathfinder, NeuroMate
and SpineAssist) all show either improved accuracy (ratios below 1) or a higher
proportion of correct placements (ratios above 1) when compared to conventional
surgery. The da Vinci system showed reduced blood loss during operation (ratio
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below 1) and higher precision when resecting tumourous material (positive sur-
gical margins with ratio below 1) when compared to both open and laparoscopic
procedures. The ROBODOC system also had reduced blood loss. The Cyberknife
system has extended the scope of radiosurgery by increasing the proportion of
patients, and the types of tumours which the therapy can safely treat. The endo-
scopic systems (AESOP, EndoAssist and Naviot) reported no change in operative
outcome, because the principle objective for endoscopic systems is for cost reduc-
tion and increased surgeon control, i.e. reducing the size of the operative staff,
and hence no change in operative outcome would be expected.
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There is less evidence to show improved functional or symptomatic outcome, in
contrast to the evidence for improved operative outcome. Only the Acrobot, Cy-
berknife, da Vinci and ROBODOC systems have evidence to indicate improvement
in this metric. Acrobot has shown improvement in the median American Knee So-
ciety scores post-operatively in a randomised controlled clinical trial. However, the
sample size of the study was small - the Acrobot system was used only on 13 indi-
viduals. Despite the result being statistically significant in the study, larger studies
are necessary for validation. ROBODOC showed functional or symptomatic ben-
efit in a larger randomised trial of 78 patients. However, the link between use of
the system and functional benefit is unclear. The larger proportion of patients
gaining the ability to walk within thirteen days in the ROBODOC group only just
reaches statistical significance. The study found no overall statistically significant
difference between the two groups in the overall time required to gain the ability to
walk. The Cyberknife system has some evidence to show lower radiation-induced
morbidity. However, the evidence quality grade is low. The da Vinci system has
shown improved return-to-continence rates and sexual potency when compared to
conventional laparoscopic and open radical prostatectomy procedures. For the lat-
ter procedure, the da Vinci system has also shown decreased post-operative pain.
Functional or symptomatic outcomes are assessed through periodic patient follow-
up, which is conducted through questionnaires and interviews. Consequently, there
is the risk of bias skewing the results if the trials are not blinded. The bulk of the
evidence for the da Vinci system is based on unblinded large single-centre obser-
vational studies. Evaluation of the da Vinci system has used systematic reviews
of these clinical trials. This improves the quality of the evidence significantly by
comparing results from different institutions, but there is still a high risk of bias
in follow-up investigations. This risk may increase as the public profile of the da
Vinci system grows through exposure in media outlets and advertising. There is
insufficient published information in the surveyed literature to assess the failure
rate, and therefore the reliability of the robotic systems. In the clinical studies,
technical failures are rarely reported. One interpretation of this omission is that
failures are sufficiently uncommon to be negligible; however, a more quantitative
analysis is necessary.
Robotic assistance in surgery could improve operative outcomes such as reduced
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blood loss, greater precision or increased accuracy. However, improved operative
outcomes do not always translate into functional or symptomatic benefits for the
patient. The surveyed clinical evidence shows limited improvement in functional
or symptomatic outcomes in contrast to the significant improvements in operative
outcomes. This can be partly attributed to limitations in the clinical evidence base,
which prevents inference of any conclusive long-term and post-operative trends.
2.3.3 Safety
In addition to effectiveness, safety compliance is a major design requirement in
surgical robotic systems. Unlike traditional robotics, where the assumption has
been that an operator will be isolated from the robot’s workspace while in oper-
ation, surgical robotic systems work either invasively or in close proximity to a
patient or surgical team. Thus far, designers have drawn on a number of common
approaches to ensure safety in their design. For example, restricted motion and
force, redundant sensors, and hardwired manual emergency methods have all been
employed in different arrangements for both commercial and research systems.
These approaches can be restrictive to robot function. For instance, restricting
motion and force limits the range of possible tasks the robotic system can per-
form. A rational structured methodology is a key requirement to proving safety.
As yet, no specific standard exists for medical robots, but a number of standards
do exist for medical devices (IEC601, ISO 14971), industrial robotics (ISO 10219)
and safety-related systems (IEC 1508) from which the principal features can be
extracted. A number of authors have published methodologies that ensure safety
based on their experience in the design and development of a surgical robotic sys-
tem. These methodologies include the hazard identification and safety insurance
control (HISIC) method [60], an evolutionary prototype method [61] and a unified
modeling language (UML)-based approach [62]. In broad terms, safe design can
be seen as a four-step, iterative and evolutionary process, consisting of a system
definition phase, a risk identification and quantification phase, a risk control phase
and a risk evaluation phase. These phases are clarified below. To produce a system
definition, the system must be described in terms of its function, its relationship
with the operator and patient, and its relationship with other third parties - such
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as maintenance engineers or setup technicians - required for it to operate correctly.
This effectively requires 1) a thorough task analysis, considered holistically, i.e. set
up before, during, and after operation, as well as during storage; 2) a task allo-
cation exercise to fully appreciate the robot’s function and how it interacts with
its environment and patient/operators; 3) a functionality analysis to define the
system and its subsystems; and where appropriate, 4) the identification of safety
critical limits that form the boundary between safe and unsafe states.
The aim of the risk identification phase is to identify all hazards, their conse-
quences, their risks and to categorise these risks by order of priority. Seven major
areas of risk in surgical robotics have been identified as image processing and plan-
ning, registration, robot motion, reliability of control, vigilance (i.e. the ability of
the surgeon to take action), hygiene/sterilisation and clinical work flow [63]. For-
mal methods for the quantification of risks include fault tree analysis, event tree
analysis and failure mode effects analysis. The risk control phase is to put in
place measures to reduce the risks identified in the risk identification phase to a
state where they are eliminated or negligible or as low as reasonably possible (the
alarp principle). Risks can be mitigated by reducing either the probability or the
severity, or by a combination of both. There are three design methods that can be
used in order to derive appropriate risk control measures. These are redesigning to
eliminate hazards, control through protection and safeguards and control through
user warnings [64]. Each method encompasses a number of specific techniques
for safe design. Redesigning to eliminate hazards includes designing redundancy
in the system or designing for intrinsic safety; protection and safeguards can be
achieved by using limiters and providing for graceful degradation or fault toler-
ance; and finally, user warnings involves mitigating risk through communication
with the user and allowing their actions and judgement to be used to reduce the
risk. Table VI gives examples of ways in which the risk control methods outlined
have been realised in the reviewed surgical robotic systems.
The risk evaluation phase is to evaluate the control parameters put in place in
the risk control phase and assess their suitability in the overall design of the system.
Where a parameter is found to be unsuitable, the process must be repeated with the
parameter replaced or modified. This repetition makes the process both iterative
and evolutionary. The use of robotic systems in a surgical environment necessitates
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Table 2.6: Examples of safe design in surgical robotic systems
Design method Examples
Redesign to - Non-invasive
eliminate hazards - Mechanically locked centre of rotation about incision point
- Mechanically locked when in position
- Excessive motion detection
- Dual sensors to disable robot if discrepancy detected
- Direct surgeon control with robot augmentation (master-slave)
Protection and - Velocity limiters
safeguards - Limited possible motion/work envelope
- Slip clutches to limit applied torque/force
- Software defined no-go zones
- Low-powered
Warning user of - Visible difference between sterilisation and draping parts
danger of robot
- No go zones for operator and patient
- Clear HMI (human-machine interface)
that sterilisation be considered in the design. This can be a challenging condition
as traditional sterilisation techniques are aggressive and not always compatible
with conventional robotic components. For instance, autoclaving is a common
and popular method of sterilisation due to its rapidity and availability. However,
not all electronic components that are used in the autoclaving process are able to
withstand temperatures over 100 ◦C. The most common approach to maintaining
a sterile environment is to partly cover the surgical robotic device with surgical
drapes and use a sterilisable end-effector. This method is not entirely satisfactory
because of the need for attachment mechanisms to secure the end-effector and to
transmit sensing and/or drive signals between the draped part and the sterilisable
(or disposable) part.
2.3.4 Compatibility
Compatibility is considered in two respects: compatibility with existing medi-
cal equipment and compatibility with the robotic system’s working environment.
There are no reports of compatibility issues with existing medical equipment within
the surveyed literature. This could be because no problems were observed during
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the clinical trials. However, compatibility was not a focus of any of the surveyed
clinical trials, but a peripheral issue compared to system efficacy. Many of the
clinical trials are small, one-off events run by a host institution. Any problems
with equipment compatibility would likely become more apparent with wider use,
e.g. high frequency use would cause compatibility issues to become more of an
annoyance to the user, and use in multiple centres would expose the system to a
wider variety of different equipment options. The size of the robotic system is the
most prominent issue of environmental compatibility. Operating rooms are often
small and cluttered spaces. The large footprint of most of the robotic systems can
cause an obstruction that interrupts the surgical team’s work flow. One notable
exception is the SpineAssist system, which has been designed to have a minimised
footprint around the size of a drinks can. This unfortunately has been at a cost
to its usability, where its small size has on occasions, prevented it from reaching a
target, requiring intra-operative re-positioning by the surgeon.
2.3.5 Cost
A surgical robotic system could be a considerable capital expense. A high initial
outlay will not necessarily prevent a device from being adopted as long as it fulfils
the criteria of clinical need and safety and can demonstrate clinical effectiveness.
However, high cost can limit the adoption of a robotic system to larger hospitals,
research institutions and expensive private clinics. This has certainly been the
case with the da Vinci system. Two studies analysing the cost of the daVinci sys-
tem have been published, one comparing retropubic (open) radical prostatectomy
(ORP) to robotic radical prostatectomy (RRP) [65], and a second comparing the
same procedures with laparoscopic radical prostatectomy (LRP) [66]. Costs were
approximated for a private academic medical centre and a public county hospital.
In both cases, the initial capital cost of the da Vinci system was assumed to be
amortised over 7 years. The results of both studies show RRP to be the most ex-
pensive treatment option under normal circumstances: costing $1726 and $1, 239
more per procedure than ORP and LRP respectively in the county hospital, and
between $195 and $783 more than ORP in the private medical centre, using post-
operative ’lengths of stay’ based on other specialist centres (2.5 days) and the U.S.
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national mean (3.5 days) respectively. The principal discrepancy between the two
sets of figures is the daily cost of hospital stay, which is higher in the private aca-
demic medical centre ($840 per day vs. $474). Therefore, in order for ORP to be
cost-equivalent with RRP, hospital stay would have to be approximately $950 per
day. Changes in hospital-stay costs would not reduce the cost advantage of LRP
compared to RRP as they both have the same length of stay. As shown in these
studies, despite the popularity of the da Vinci system, particularly in the United
States, the purely financial case for adoption in surgery is weak, even in specialist
surgical centres. However, as for any robotic system, the financial case must take
into account the clinical effectiveness.
2.3.6 Usability
The ease of use of a robotic system, or its usability, can be very subjective, de-
pendent on the user’s personal view, experience and propensity towards new tech-
nology. Usability can also be a very broad term, encompassing all aspects of
the system ergonomics, interface, performance and intuitiveness. Here, we define
usability according to two quantitative metrics: time of operation and learning
curve. Time of operation is defined as the time from initial setup to completion
of the operation. The learning curve is defined in two ways: (1) the number of
attempts before the operative time reaches parity with the non-robotic procedure,
and (2) when the surgeon’s operative time does not change with more attempts
(the learning curve plateaus). Usability information for the surveyed clinical trials
is summarised in table 2.7. An additional column is included for general comments
made by surgeons. Though this is subjective, it is nonetheless of interest as it pro-
vides insights that may not be directly evident in the chosen metrics. The clinical
trials for the da Vinci, EndoAssist and SpineAssist systems have information re-
lating to learning curve. However, this information is obtained from speculative
assessments based on experience of the operators. The learning curves are rela-
tively short for the EndoAssist and SpineAssist robotic systems. The da Vinci
system has widely varying judgements on the length of the learning curve and no
conclusion can be reached. The learning curves are not overly important in the
majority of the robotic systems as they do not substantially change the work flow
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of the operation. However, the minimally invasive systems (da Vinci and Zeus)
substantially change the way the procedure is performed the entire process is per-
formed with the surgeon at a console. For minimally invasive systems, however,
the question is not the length of the absolute learning curve, but the length of the
learning curve relative to conventional laparoscopic surgery.
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Most of the surgical robotic systems include information on operative time.
Naviot, ROBODOC, SpineAssist and Zeus increased it, the remaining systems
decreased the time. Acrobot also increased operative time on average; however,
this was not statistically significant when compared to conventional arthroplasty.
The EndoAssist system had lower operative times; however, one of the six assessed
surgeons had to abandon the study due to difficulties in using the device. This
problem was not reported in clinical trials for other systems, though it may still
have occurred. The results for operative time are indicative rather than conclusive.
A fair assessment would require a range of surgeons with different skill levels.
The surveyed clinical trials tend to be single-centred with only a small number
of participating surgeons. Furthermore, operative times change with familiarity.
Despite the limitations of the evidence, surgical robotic systems overall have a
negative impact on operative time.
2.4 Conclusion
The growth of surgical robotics in the academic field has continued dramatically
over recent years. As a practical commercial reality, this impact is disproportion-
ately low. It is important for the transfer of research into commercial reality that
the surgical robotic community learn to build on its strengths and mitigate its
weaknesses. With the proliferation of research in this field expanding the mass
of literature, there is an increasing danger that past lessons will be overlooked.
Research in surgical robotics can be divided into four main research paths, namely
surgeon-led research, engineering-led research, pure research and applied research.
A methodology for applied research has been presented, which can be used to crit-
ically evaluate a perceived robotic opportunity in surgery. The applied research
methodology consists of six criteria which are used to evaluate a surgical robotic
system; these are clinical need, clinical effectiveness, safety, cost, compatibility and
usability. The respective importance of each criterion is determined by its position
in a three-tiered hierarchy, consisting of the most important in the bottom tier,
the medium important in the intermediate tier and the least important in the top
tier. The division of criteria into the individual tiers is as follows: the base tier
consists of establishing the clinical need, the intermediate tier consists of safety and
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clinical effectiveness, and the top tier consists of compatibility, cost, and usability.
Furthermore, the value added by performing well against a particular criterion is
dependent on satisfying the criteria in the tiers below it. For example, a strong
performance against one of the criteria in the top tier will only add value to a
robotic system if the criteria of the bottom and intermediate tier can be shown to
have been satisfied.
All the robotic surgical systems described achieve the bottom tier of the hi-
erarchy, establishing a clinical need by identifying a deficiency in current surgical
practice, and by outlining a method by which a robotic system can form a part or
all of a solution. One of the reasons for the considerable success of the da Vinci
robotic system relative to the other robotic systems is that it has been designed
to mitigate the disadvantages of a surgical technique, and thus has multiple ap-
plications, wherever this technique can be applied. The evaluated robotic systems
also satisfy the criteria of the intermediate tier, although to a more variable degree
compared to the bottom tier. For instance, while surgical robotic systems are able
to demonstrate competence in clinical effectiveness and are safe to use, they cannot
clearly establish improved symptomatic outcome, even when the surgical improve-
ment is clear and measurable. This is partly due to the pool of clinical evidence
being relatively small, and of insufficient size and quality to provide conclusive
results. Evaluation against the top tier gives an even more variable outcome, with
many robotic systems scoring well in one criterion but not in others. For example,
the da Vinci system offers superior usability when compared to the difficulties of
minimally invasive surgery, but is expensive to buy and run (service costs) as well
as difficult to fit in a standard operating room. The mixed results of the top tier
have not precluded any of the robotic systems from having some success, but from
the frequent surgeon comments referring to these criteria as disadvantages, it is
undoubtedly a restraining factor.
The lack of fulfilment of the criteria of the top tier, namely cost, usability
and compatibility, acts against these commercial systems with most robotic sys-
tems scoring well only in one of the categories. However, the most significant
contributory factor is that the robotic systems reviewed cannot show significant
improvement relative to their cost. It is argued that, in the main, the absence of
solid and tangible evidence of improved symptomatic outcomes is responsible for
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restraining the wide take-up of surgical robotics.
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Chapter 3
Clinical Need and Neurosurgical
Procedures
A clinical need underpins the purpose, specification and desired outcome of any
research developing a surgical robotic system. In this chapter, current controver-
sies in the care of head-injury are used to identify a new clinical need: The need
for decentralised neurosurgical provision in local hospitals and away from special-
ist neurosurgical centres. Localised neurosurgical provision means time to emer-
gency treatment is reduced, leading to improved patient outcomes. Furthermore,
localised provision eliminates the need for costly and perilous patient transport
between local hospital and neurosurgical centres. However, it is clearly impossi-
ble within existing resources to equip every local hospital with neurosurgical staff.
The neurosurgical support must be administered by non-specialist clinicians. The
problem then becomes how to assist the non-specialist clinician in performing
emergency neurosurgical interventions safely and effectively.
A neurosurgical mechatronic system is proposed as a partial solution to this
need. The development of the control techniques for this system is the subject of
the present work. Three specific emergency neurosurgical interventions are cho-
sen as candidates procedures for the system to assist in. They are placement of
an intracranial pressure monitor, external ventricular drainage, and drainage of
a chronic subdural haematoma. The procedures are all commonly occurring, life
threatening, and time critical. An evidence based review of each the neurosurgical
39
procedures is presented. The aim is to evaluate the different methods for perform-
ing each of the procedures by considering efficacy, complications that may occur,
and most importantly, how a mechatronic system may perform all or part of the
procedure efficiently, robustly and safely.
3.1 Traumatic Brain Injury
Traumatic brain injury (TBI) is a global healthcare problem. In the young, it is
a leading cause of mortality and morbidity, accounting for 15-20% of all fatalities
between the ages 5-35 years [19]. In the elderly, atrophication of the brain with age
can mean even trivial head-injuries require treatment. In the UK alone, there are
approximately $1500 per 100,000 population attending accident and emergency
departments with head-injury [67]. The medical response to TBI is complicated
by the often time critical nature of the injuries and the need for neurosurgical spe-
cialism and facilities. Resources are limited and are geographically thinly spread.
This is a considerable problem when planning and resourcing a healthcare in-
frastructure. The problems posed by TBI are further compounded by the fact
that globally, instances of TBI are rising due to the increased motor vehicle usage
among low and moderate income countries, and an ageing population in wealthy
countries [68]. Finding the optimal medical response to TBI is a challenge that
requires satisfying a set of seemingly mutually exclusive criteria - balancing on the
one hand the need for rapid treatment, on the other the need for high degree of
specialism with limited resources. This thesis raises the prospect of a technological
solution to assist in the provision of basic neurosurgical treatment, to provide a
more satisfactory and streamlined response to TBI.
3.1.1 Current Protocol
A patient suffering TBI will be transported from the scene of the accident to a
local hospital. In the case of chronic conditions, where the injury has a delayed
response sometimes over weeks, the patient may present themselves to the hospital
after feeling adverse neurological conditions at home. In either case, it is likely
that the hospital the patient is admitted to will have no, or very limited, neu-
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rosurgical provision. Neurosurgical centres are regionally based, centralised, and
geographically thinly spread. The exception is when TBI is known to be the major
source injury, or where the neurosurgical centre is the nearest medical facility. In
these cases, the patient may be transported straight to the centre. At the local
hospital, the patient will undergo stabilising treatment and injury assessment. If
head injury is suspected, then they will also receive a CT scan. Guidelines dictate
the scan should be within one hour of admission. The results of the CT scan are
shared with a neurosurgical service, and depending on available resources the de-
cision is taken to transport the patient to an empty bed in a neurosurgical centre.
At the centre, treatment focuses on reducing the incidence of secondary injury
through respiratory control, the control of intracranial pressure, and decompres-
sion of intracranial lesions [67]. Guidelines dictate that this process, from injury
to neurosurgical treatment, should occur within 4 hours.
3.1.2 Defficiencies in the Treatment of Traumatic Brain
Injury
The prevalence and potential severity of head-injuries means a rapid treatment
response is vital. As stated, current guidelines dictate that patients requiring neu-
rosurgical assistance should be treated within 4 hours. However, a study by the
National Confidential Enquiry into Patient, Outcome and Death (NCEPOD) [21]
found that more than half of head-injured patients were treated in local hospi-
tals first before being transferred to a neurosurgical centre. Only 14% of those
transferred received neurosurgical treatment within four hours. Sometimes the
urgency for treatment, perhaps due to previous delays, precludes the opportunity
for transport, and the neurosurgical treatment must be administered in the local
hospital in the absence of a neurosurgeon. Patients who had to undergo emergency
neurosurgery in a non-neurosurgical centre were found to have a 26% increase in
mortality. This increased risk of mortality has been confirmed in [68] where it was
found that patients treated for severe head-injury in non-neurosurgical centres had
a 2.15 times increase in odds of death (adjusted for case mix). Clinical orthodoxy
rightly insists that neurosurgical procedures be performed in neurosurgical centres,
but this is not always possible, and in the majority of cases, cannot be delivered
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within the four hour guideline.
The question of whether a suspected head-injury case should go directly to a
neurosurgical centre or to a local hospital first is unresolved. Transport directly
to the neurosurgical centre reduces delays to treatment, but stretches the centre’s
resources. Neurosurgical centres are geographically sparse, with resources heavily
in demand. It has been reported that as low as 43 neurosurgical intensive care
beds have been available nationwide [21]. Alternatively, patients are taken to a
local hospital first, and if necessary, transferred to a neurosurgical centre. This
too has its problems. As well as contributing to delays in receiving neurosurgical
treatment, the transfer process is expensive, diverts key staff for several hours, and
is difficult to organise. The accumulative cost of each transfer can be as high as
£20,000. Logistical arrangements were described in the NCEPOD report as being
’ad-hoc’ and ’haphazard’. The lack of adherence to transport recommendations
and guidelines, poor documentation, and lack of consultant input, were particularly
emphasised by the report. The conditions of transport are important for the well
being of the patient. Patients are particularly at risk from secondary insults during
transport within and between hospitals. The severity, duration, and number of
secondary insults contribute to a poorer outcome for the patient. Overall, the
NCEPOD report found that less than half of the severely injured patients who
suffered head trauma received a standard of care that was judged to be good
practice. New approaches are necessary to reconcile the need for safe and effective
neurosurgical provision, which can be administered rapidly and in an emergency,
without need for multiple, time-consuming and risky transportation.
3.2 Clinical Need
Head injury sometimes requires rapid emergency neurosurgical treatment to pre-
vent morbidity or death of the patient. As evidenced in the previous section, this
is not easily acheived, nor is it being achieved. There is considerable delay between
presentation of injury to neurosurgical intervention for the majority of patients.
There are two co-dependent factors that can be attributed to causing the delay.
The first is the lack of any decentralised neurosurgical provision. Local hospitals,
in the UK and abroad, tend to have little or no neurosurgical capability. This
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means that patients must be transported, potentially some distance, to a regional
centre for treatment. This is a significant source of delays in receiving treatment.
The second reason, which is closely linked with the first, is the lack of available
neurosurgical specialism. Neurosurgery is a demanding and resource-consuming
specialty. Even pooling resources into regional centres still results in shortages
(as discussed in the last section). This problem is particularly acute in remote
locations, such as isolated communities, off-shore platforms, battlefields, or wher-
ever itinerant weather conditions cause difficulty in mobility. Thus, the following
clinical need is identified:
Clinical Need. There is a clinical need for a device which can provide localised
basic emergency neurosurgical support to allow a non-specialist clinician to rapidly
perform emergency neurosurgery, remote from a neurosurgical centre, and in the
absence of a qualified neurosurgeon. A device of this nature would prevent mor-
talities and secondary injuries caused by delays in, or lack of, access to treatment,
and from lengthy and perilous transportation.
In this project, a Mechatronic system is proposed to fulfil this need. Three
procedures are initially chosen to focus the work, they are: 1) The placement of
an intracranial pressure monitor, 2) placement of an external ventricular drain,
and 3) evacuation of a chronic subdural haematoma. These specific procedures
are chosen because they are simple to perform, occur with great frequency at neu-
rosurgical centres, and in many cases, are time-critical - i.e. must be performed in
an emergency. The remainder of this chapter is devoted to a detailed discussion of
each of the procedures. However, it is necessary to familiarise the reader with some
preliminary medical and neurosurgical background before delving into a detailed
discussion of the procedures.
3.3 Preliminary Neurosurgical Background
3.3.1 Anatonomy
Four cranial entities are of significance to the proposed surgical procedures; they
are the scalp, the skull, the membranes of the intracranial cavity, and the ventricles.
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For brevity, the discussion of cranial anatomy is reserved solely to these entities.
Their location relative to one another is shown in figures 3.1 and 3.2 (not to scale)
and the typical thickness of each entity is shown in table 3.1. A description of
each entity now follows:
Figure 3.1: Cranial entities at the surface of the brain [1]
Scalp
The scalp consists of three main layers: 1) Epidermis: This is the outer layer and
point of contact with the surrounding environment. The epidermis does not con-
tain any blood vessels but obtains oxygen and nutrients from the deeper layers of
the skin. 2) Dermis: This layer contains blood vessels, nerves, hair roots and other
structures responsible for hair and nail growth, moisturising the skin, temperature
and touch sensations, among others. It gives the skin its pliability and mechanical
strength. 3) Subcutaneous: This layer consists principally of fat and fibrous ma-
terial that connects the dermis to underlying tissue and muscles. It gives the skin
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Figure 3.2: Ventricular system [1]
Table 3.1: Thickness of cranial entities
Entity Thickness (mm)
Scalp 5.5
Skull 4.5
Intracranial Membranes 0.55 (typically between 0.3 to 0.8)
Sub Intracranial space 1
(between membrane and brain surface)
Brain Intraparenchymal matter 40-60
(between brain surface and frontal
horn of the ventricles)
its shape and acts as a protective cushion. Significantly, the bottom of this layer
consists of a connective region which contains many of the major blood vessels of
the scalp. It is from this region (i.e. the bottom of the subcutaneous layer) where
bleeding from a scalp incision will most likely occur.
Skull
For brevity, the discussion of the skull is reserved to the region spanning the frontal
and parietal bones, i.e. the front and side of the upper part of the head. These
bones are composed of two parts; a main solid part called the cortical bone, and soft
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spongy-type part called Cancellous bone which is dispersed intermittently within
the cortical bone. The outer surface of the bones are lined by the pericranium
(or periosteum), a fibrous membrane which provides blood supply to the bone for
nourishment, and provides the cellular matter necessary for bone repair.
Intracranial Membranes
There are three principle membranes that span the gap between the inner surface
of the skull and the surface of the brain: 1) Dura mater: This is an inelastic sac
that envelops the brain, the other intracranial membranes, and the spinal cord.
Figure 3.3 shows the dura mater of a dissected porcine head. The dura mater is
easily identifiable as a whitish-pink tissue layer. A qualitative assessment of this
layer revealed it to be tough, flexible, and smooth (difficult to pinch or grasp). 2)
Arachnoid: This is a thin and delicate cover on the brain surface. The arachnoid
membrane is joined to the dura mater only by surface tension and can easily come
away if force is applied, creating a subdural space. The arachnoid is a transparent
grainy layer, and is difficult to distinguish. It is identifiable on figure 3.3 only by
comparing an area of the brain without the layer to one still covered. The difference
in the discolouration of the brain is due to the existence of the arachnoid layer.
3) Pia mater: This is a monocellular layer that covers the brain in close contact
with the surface, including following folds where they occur on the brain surface.
As the layer is so thin, it is unobservable to the surgeon, and for the most part
can be disregarded as a separate entity. The space that separates the arachnoid
and the pia mater is called the subarachnoid space. It is within this area that
cerebrospinal fluid flows.
Ventricular system
The ventricular system is a set of entities within the brain that contain the cere-
brospinal fluid (CSF) to bathe and cushion the brain, and the choriod plexus,
which produces the CSF. The system consists of four entities; two lateral ventri-
cles, the third ventricle, and the fourth ventricle, as shown in figure 3.2. The two
lateral ventricles are found within the subcortical tissues on each side of the mid-
line. The largest part, nearest the front of the head, is referred to as the frontal
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Figure 3.3: Intracranial membranes within a porcine head
horn. Both lateral ventricles connect to the 3rd ventricle, located centrally within
the midbrain, via the foramen of Munro. In turn, the 3rd ventricle communi-
cates with the 4th ventricle via the cerebral aqueduct, and the 4th ventricle to
the central canal of the spinal cord via the foramen of Magenda and the foramina
of Lushka [20]. The connecting parts between the ventricles can be very narrow
and are susceptible to blockage. If blockage occurs in the tracts then CSF can
accumulate causing hydrocephalus.
3.3.2 Trephination
Trephination or craniostomy is the removal of a piece of skull to gain access to
the brain. The size of the skull fragment and the complexity of the operation to
remove it depend on the type of neurosurgical operation, the operative location,
and the amount of access to the brain required. The procedures described in this
chapter require only limited cranial access, hence discussion is reserved to small
craniostomies, such as twist drill craniostomy and burr hole craniostomy. Twist
drill craniostomies are performed using a twist drill to produce a cranial opening
of between 3-7mm diameter. Burr hole craniostomy uses a burr dill to create a
larger cranial opening, between 5-15mm diameter. The surgical methods for both
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trephinations are now described:
A linear incision of the skin is made at the chosen site with a sharp No.10
surgical blade. The incision must be of sufficient length to accommodate the
cranial access hole - approximately between approximately 3-4cm long [69]. The
incision is pulled open by the surgeon’s fingers and held open by retractors. The
tension applied to the skin by stretching open the wound assists in stopping some of
the bleeding. If bleeding persists, the retractors can be opened further to increase
the tension on the skin. The retractors however, may not prevent bleeding from
the larger blood vessels at the lower layers of the skin. These may need to be
coagulated using electrosurgery, performed with bipolar electrodes (discussed in
more detail below). The pericranium, covering the skull surface, is made from
a fibrous material that can interfere with the drill’s grip on the cranium. Thus,
it is sometimes useful to scrape away this layer prior to drilling. A small hole is
drilled into the cranium. Drill types vary between hospitals and surgeons; ranging
from electric and air powered drills, to clutched drills, to the simple Hudson’s
brace. When drilling the hole the cancellous layer can bleed. To stop this, the
surgeon sometimes spreads a waxy layer around the inner rim of the hole to stem
the bleeding. For larger burr holes, the dura is sometimes pulled upwards into the
hole with sutures stitched to the dura mater and anchored on opposing sides of
the hole. Pulling up the dura mater in such a way can stem epidural bleeding,
and can prevent the formation of extradural haematomas by prohibiting the dura
mater from detaching itself from the inner table of the skull.
A 3mm hole is opened in the Dura mater and, with the exception of treating
chronic subdural haematoma, the arachnoid membranes. This can be done by
incising in a cruciate formation using a No.11 blade. Any bleeding in or around the
dura mater and arachnoid membrane must then be cauterised using electrosurgery.
As an alternative, a monopolar electrode (electrosurgery) can be lowered into the
dura mater to be used to cut a permanent scarred hole in the dura mater and
arachnoid membrane. This has the effect of simultaneously cutting and cauterising
as it proceeds through the sub-cranial membranes.
Plunging during the drilling procedure is a serious complication for both burr
hole and twist drill trephinations. An anonymous survey of neurosurgeons carried
out in 2003 [70] showed that, of the respondents, 65.6% had experienced a plunge
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event with 22.3% having had more than one incident. Plunging had a 12% risk of
permanent neurological disability. Although a number of devices, such as clutched
drills [71] and anti-plunge collars [69] can reduce the chances of occurrence, these
tools are still considered extravagant to use, and in the case of the drills, have
a number of draw backs relating to sterilisation and expense [70]. Plunging may
occur regardless in elderly patients if the skull is frail.
3.3.3 Electrosurgery
Electrosurgery uses a high voltage (up to kV range), high frequency (between
kHz and MHz) sinusoidal signal to rapidly heat tissue, creating steam bubbles
from the liquid content that sever the tissue fibres [72]. Alternatively, using a
modulated pulse sinusoidal signal, a slower heating effect can be created, which
can be used to cauterise tissues. The slower heating effect causes tissue protein
to become denatured and forms a ’white coagulum’ [73] which seals the wound
and stops bleeding. By varying the duty cycle of the modulated signal, most
electrosurgical generators are able to use a blend mode, capable of both cutting
tissue within immediate contact, while coagulating the surrounding tissue. Other
modes include; desiccation - for precise coagulation, and spray coagulation or
fulguration - for coagulation over an area.
An electrosurgery system consists of a generator and electrode (figure 3.4).
Two types of electrode are widely used; they are bipolar electrode and monopolar
electrode. Monopolar electrodes form a circuit through the body from a single
active electrode manipulated by the surgeon, and a return plate attached to the
patient’s back or thigh. Current passes from the active electrode through the body
to the return plate. The current density is high at the active electrode which causes
rapid bio-heating in the immediate vicinity. The current at the return electrode
is more spread out and so does not cause burns to the patient. Bipolar electrodes
on the other hand, localise the current between the two legs of a pair of forceps
i.e. to the small area ’pinched’ by the bipolar electrodes, causing less damage to
surrounding structures.
Electrosurgery is a safe and effective technique commonly used in surgical oper-
ations. However, there are some risks associated with electrosurgery, particularly
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Figure 3.4: Electrosurgical system
when using monopolar electrodes. The most significant is burning due to leakage
currents or through inadequate application of the return electrode. They can oc-
cur when the patient’s body makes contact with a conductive element over a small
area, such as a patients arm touching a drip stand or a member of staff touching
a metal earring. Monopolar electrosurgery should not be used on objects that are
close to thin connecting structures, as current density can increase when passing
through these regions and cause damage (channelling). From the perspective of a
surgical robotic system, the design and use of electrosurgical equipment must be
carefully considered. Insufficient shielding and isolation of the electrosurgical cur-
rents can affect the hardware of the robot system causing adverse and unplanned
events.
3.3.4 Wound closure procedure
The closure of the wound serves two purposes; to seal the wound to prevent in-
fection and aid healing, and to safely fix useful objects in place. For the proposed
procedure, it is a catheter or intracranial monitor wire that must be safely fixed in
place this procedure is now described: A trephination is created in the skull, and
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the catheter is inserted following the methods described within this chapter. The
retractors holding open the wound are removed. A touchy needle or trocar is used
to thread the catheter or wire under the skin to an exit site a few centimetres from
the point of cranial access. The needle or trocar is pushed upwards into the skin
until the skin is pierced. The catheter or wire is threaded through the needle or
trocar. The needle or trocar is then removed from the skin opening. The wound
is closed over the catheter or wire, and is sutured or stapled to seal it. Finally, the
site is covered by an occlusive dressing to maintain aseptic conditions. Isolating
the exit site of the catheter or wire from the site of cranial access assists in the
prevention of infection, and affixes the catheter or wire in position.
An alternate approach is to use an intracranial bolt to affix objects and seal
the trephination. The catheter or wire is threaded into the intracranial bolt. The
bolt is then screwed in to the cranial access hole, and the inner bore of the bolt
is closed using, for example, a leur lock or a cushion inflated by saline fluid. The
skin is then closed around the bolt and sutured or stapled.
There are several commercial intracranial bolts in existence, including Camino R©
Microventricular (110-4HM) and Ventricular (110-4H) bolts for ICP monitoring
and drainage, Camino R© ICP probe (110-4L) with Licox R© IMC, and the Codman R©
Microsensor bolt kit. There are no clinical trials specifically assessing the effective-
ness of the intracranial bolts, however, there are three trials that examine the bolts
as an auxilliary component of an overall drainage or ICP system. The first two
trials assessed the Camino R© Intraparenchymal fiberoptic system (110-4B) [74, 75],
and a the third assessed the Camino R© ventricular bolt system [76]. In all studies,
no increase in infection, haemorrhage or other common procedural complications
were linked to the use of the skull bolt. In a case with a sample of 1000 patients,
no cutaneous infections at the site of the bolt were observed [75]. Dislocation
of the fixture was the only significant complication identified for the use of bolt
systems, with 18 cases being reported, accounting for 1.6% of all cases [74, 75].
Cases of dislocation were found to be a product of the rigid fiberoptic cable and
fixture protruding from the head, providing opportunity for accidental removal.
Most dislocations were found to be caused by either patient movement or patient
transportation. No occurrences were mentioned in the third study, and the authors
concluded that the skull bolt was beneficial [76].
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3.4 Intracranial Pressure Monitoring
The placement of an intracranial pressure (ICP) monitor in the cranium to detect
intracranial pressure can provide neurosurgeons with an important diagnostic tool
to assess the pathological processes occurring post head injury. Current Brain
trauma foundation guidelines suggest that ICP should be routinely monitored in
the following conditions [77]:
• Patients with a score of eight or less on the Glasgow coma scale (GCS).
• Patients with an abnormal CT scan.
• Patients greater than 40 years of age.
• Patients who are motor posturing.
• Systolic blood pressure less than 90mmHg.
With the above criteria encompassing such a large volume of patients, it is
unsurprising that the placement of ICP monitors is a common procedure in any
neurosurgical centre. The wide range of available devices has allowed ICP monitors
to be placed more quickly and with fewer complications than in the past. Several
different ICP monitoring devices are available on the market, each employing dif-
ferent transducer systems, to be placed at different locations within the cranium.
Discussed in this section is a summary of the available ICP monitors and their
operative mechanism. This is followed by an analysis of the operative procedure
to place an ICP monitor.
3.4.1 Pressure Monitoring Devices
There are five different types of intracranial pressure monitors, categorised accord-
ing to location they are placed; intraventricular, subarachnoid, epidural, subdural,
and intraparenchymal pressure monitors [2]. Each has different characteristics in
terms of signal efficacy (reading accuracy and waveform quality), expense, inva-
siveness, and likelihood of complications. The different types are plotted according
to waveform quality in figure 3.5. The figure shows an inverse relationship between
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waveform quality and invasiveness. The considered gold standard is the intraven-
tricular catheter. This is the same procedure as an external ventricular drainage
procedure (discussed in the next section). It involves the placing of a catheter,
with pressure monitor at the tip, into the ventricles of the brain. This type of
monitor gives the most accurate waveform readings of the intracranial pressure
monitors and is able to be used as a cerebro-spinal fluid drain to lower pressure in
an emergency. However, it also takes the most time to place, and the procedure to
fit has highest risk of haemorrhage and infection. The opposite end of the spectrum
is the epidural monitor, which has a low risk of infection and haemorrhage when
fitting, but gives poor waveform quality. Epidural monitors are placed outside the
intracranial membranes (dura mater and arachnoid membrane). These membranes
absorb and distort the true pressure resulting in poor reading. A variety of mecha-
nisms are used in ICP monitors. These include fluid filled transducers, strain gauge
or microchip transducers, fibre optic sensors, and air pouch with external pressure
sensor transducers [2]. Recent developments have led to extracranial transducers,
e.g. outside the cranium, and are thus non-invasive [78]. These however, remain
experimental and have yet to be embraced by the medical community.
Figure 3.5: Spectrum of ICP monitors (adapted from [2])
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3.4.2 Procedure
The site of insertion is usually 1cm forward of the coronal suture and 2-4cm from
the midline over the non-dominant hemisphere. The non-dominant hemisphere is
used to reduce the likelihood of epilepsy as a result of the procedure. The site is
prepared by shaving the hair and disinfection of the site. The patient is placed in
a supine position, e.g. lying on their back, face upwards, with head of bed up at
least 30 degrees. Either general anaesthetic or local anaesthetic is applied. Local
anaesthetic is preferred in older patients where complications are more likely to
arise from the use of general anaesthesia. In younger patients, the complications
are not so pronounced and general anaesthesia is preferred, particularly in chil-
dren where the emotional trauma of performing the procedure while awake can
be problematic. The ICP monitor is prepared according to the instructions of
the manufacturer and the type of device used; this includes the connecting of the
device and, for some, the zeroing to atmospheric pressure. An opening in the skull
is made using one of the trephination methods earlier. The operation can be done
in the emergency room, intensive care unit or in the operating room. Aseptic
conditions of the operating room maybe preferred, however special circumstances,
such as an emergency situation, may rule out this option.
The device is inserted into the desired location. Depending on the type of de-
vice, this requires the incision of various subcranial membranes. An intraparenchy-
mal or intraventricular monitor requires the incision of both the arachnoid and
dural membranes, whereas the epidural monitor is placed above the dura mater
and therefore requires no incision of the intracranial membranes. The method for
each type of device is discussed further below:
Intraventricular catheter: An ICP transducer is placed in the tip of a ventric-
ular catheter, or alternatively, the pressure head developed at the outflow of the
catheter can be used. The skin is incised and either a burr hole craniostomy or
twist-drill craniostomy is performed. The dura mater and arachnoid membrane
are then incised using the methods described. A stylet is inserted into the catheter
(with pressure monitor tip) to increase its stiffness. The device is placed by push-
ing the catheter into the cortex in the direction of the frontal horn of the lateral
ventricles. The catheter is pushed until breakthrough into the ventricles is de-
54
tected by the operator, or until there is clear effusion of CSF fluid. The total
depth is normally between 4-6cm. The access site is then isolated and secured as
previously described; i.e. by threading the catheter under the skin to a remote
exit site, or by using an intracranial bolt, followed by closure of the wound using
sutures, or staples. The wound is finally dressed. The method described here is
the same as inserting an external ventricular drain and is discussed in more detail
in that section.
Intraparenchymal monitor: The skin is incised, the skull trephinated, and dura
mater and arachnoid membrane incised (using the described methods). If the
intended wound closure method is to isolate the site, then the needle is threaded
under the skin from the cranial hole to a site 3-4cm away, and the Microsensor is
threaded through. The needle is removed when sufficient wire has been threaded
to reach the brain parenchyma, and a bend in the wire is made at this point to
provide a kink for reference. The transducer is pushed into the opening, through
the dural incision, to the depth specified by the kink, i.e. the depth of the brain
parenchyma from the surface. Excess slack is then removed gently and the site
sutured. The transducer can be further secured by creating a loop in the wire
which is sutured down. Alternatively, a sensor affixed with cranial bolt can be
used. In this case, after trephination, the bolt is screwed into the cranium. A cap
at the external end of the bolt is opened, providing a channel down through the
bolt. The dura is pierced with a needle and the bolt irrigated with saline solution.
The transducer is then threaded into the bolt to the desired depth, it is secured by
twisting the bolt adaptor, clamping the connecting wire and closing the channel.
The incision is then closed and dressed around the bolt.
Subarachnoid monitor: The incision of the skin, trephination of the skull, and
incision of the dura mater and arachnoid membrane take place as already de-
scribed. The ICP monitor is then placed between the arachnoid membrane and
cortex surface. Subarachnoid monitors are commonly integrated with an intracra-
nial bolt, referred to as a subarachnoid bolt, where the sensor and bolt form one
component to facilitate the fitting of the device.
Subdural monitor: The catheter or fibre optic cable is placed into the subdural
space between the arachnoid membrane and the dura. The skin is incised, the
skull trephinated, and the dura incised, as described. A skull perforation is made
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and the dura is incised. The monitor is then pushed into the subdural space. The
site is isolated and sealed by either threading the wire under the skin, or through
use of an intracranial bolt.
Epidural monitor: This is the least invasive of the ICP monitors. The skin
is incised and the skull trephinated. The transducer is pushed between the dura
mater and the inner table of the skull. The site is secured by threading the wire
or catheter under the skin or by use of an intracranial bolt.
3.4.3 Complications
The most common complications when fitting an ICP monitoring are malfunction
of the device, infection, and infection haemorrhage [79, 80]. Malfunction is always
a consideration of any technical device. For ICP monitors, the drift rate or the
amount the device varies from its zeroed calibration is of particular importance.
The rate and occurrence of drift is dependant on the manufacturer, the device, and
the method employed to detect pressure. Manufacturers will specify instructions,
including rate of change of the device, on how to calibrate and maintain the device
in vivo.
Infection and haemorrhage depend on the invasiveness of the position of the
sensor. Epidural monitors very rarely suffer from these complications as they are
the least invasive. On the other hand, ventricular catheters or intraparenchymal
monitors suffer the same haemorrhage and infection problems as EVDs (discussed
in greater detail in the next section). Infection must always be avoided, as in any
neurosurgical intervention, by maintaining strict aseptic conditions at all times.
Haemorrhage is more difficult to avoid because the insertion of the probe is a blind
procedure. Correct electrocoagulation however can at least minimise the chances
of haemorrhage near the surface of the brain where a visual inspection for bleeding
can be performed.
3.5 External Ventricular Drainage
High Intracranial pressure can be reduced by removing cerebrospinal fluid (CSF)
from the lateral ventricles at the centre of the brain. The cranium is a fixed sphere
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with a nearly fixed volume, and nearly incompressible contents. Thus, an increase
in the volume of any of the contents of the cranium results in an approximate
increased intracranial pressure. Removing CSF reduces the total content volume
within the cranium, and consequently the pressure applied to the brain falls. This
is the purpose of an external ventricular drain (EVD); to remove CSF via a catheter
inserted into the lateral ventricles, and bring ICP down to safe levels. EVD is a
relatively common procedure, and is often practised by less experienced surgeons
[81].
3.5.1 Procedure
The exact procedure for fitting an external ventricular drain varies between sur-
geon to surgeon. Here, a general process is described with noteworthy variations
included. The site of access is 1cm forward of the coronal suture, 2-3cm from the
midline over the non-dominant hemisphere. The non-dominant hemisphere is used
to reduce the likelihood of epilepsy as a result of the procedure. The site is shaved
and disinfected. Some authors also advocate the shampooing of hair to keep strict
aseptic conditions [82]. Either local or general anaesthetic is used depending on
the patient. As described in section 3.4.2, local anaesthetic is preferred in older
patients where complications are more likely to arise from the use of general anaes-
thesia, whereas general anaesthetic is preferred for younger patients to avoid any
emotional trauma, particularly when the patient is a child. The operation can
be performed by the bedside in an emergency, but to avoid infection, the higher
standard of the clinical conditions in the operating theatre are preferred.
The skin is incised, the skull trephinated with either a burr hole or twist drill
hole, and the dura mater and arachnoid membrane incised, using the methods
previously described. A silicone catheter with external diameter of 2-3mm, is
introduced through the hole, and tunnelled into the brain towards the lateral
ventricle. The catheter is made rigid by the use of a stylet or trocar inserted into the
hollow interior of the catheter. It is tunnelled between 4 and 6cm subcutaneously,
aimed towards the foramen of Munro, where it can enter the lateral ventricles
through the frontal horn [83, 84, 85, 86]. The correct distance has been reached
when a change is felt in the resistive force of the catheter and stylet. The force
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transition has been qualatively compared to tunnelling a needle to the yolk of a
hard boiled egg. When the ventricle is breached, the stylet is removed. If CSF
is found to efflux from the catheter, then the drain has been successfully placed.
The site is secured, sealed, and closed using the methods already described, i.e.
by threading the catheter under the skin to a remote exit point, or by use of an
intracranial bolt. The catheter is connected to a drainage system that continues to
drain while the intracranial pressure is greater than 15mmHg, i.e. the approximate
normal ICP.
The catheter trajectory to the lateral ventricle from the cranial access hole must
be carefully calculated from the CT image. The ventricles are, in general, relatively
large structures of up to 30cm3 in volume [87]. However, it is not unknown for
a surgeon to miscalculate the trajectory when tunnelling with the catheter, and
miss the target lateral ventricle. The tunnelling must then be repeated on a new
trajectory. Each attempt at tunnelling risks damage to the brain, or of severing
an artery causing intracranial haemorrhage. There is little or no way of knowing
that this has occurred until post-operative CT scans are performed. Consequently,
repeated tunnelling must be avoided.
Post-operative care for both systems requires the patient to remain in position
until the CSF flow reduces and intracranial pressure returns to normal. Strict
aseptic conditions are kept throughout this period and the CSF fluid is constantly
checked for discolouration, e.g. traces of blood that could indicate haemorrhage.
When the catheter is ready to be removed, it is clamped and removed by the
surgeon under strictly aseptic conditions.
3.5.2 Alternative Procedures
Attempts have been made by some neurosurgeons to simplify, expediate, and re-
duce the invasiveness of the EVD procedure. This has lead to the suggestion of
using percutaneous needle trephination (PNT), as opposed to burr hole or twist
drill craniostomy, as a method of draining the CSF fluid [88, 89, 90, 91]. In this
procedure, the skin is pierced with a needle, a hole made in the cranium with
either a small twist drill - as small as 1.5mm [90] - or the head of the needle [91].
If used for trephination, the surgeon must check the needle is still sharp, otherwise
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it must be replaced. The needle is pushed through the cranial hole, and tunnelled
into the brain matter, piercing the dura and arachnoid membranes on route, until
it reaches the lateral ventricle. The needle is then bent and the site secured. The
needle is attached to a drainage system and used in place of a catheter.
The procedure is simple in execution and minimally invasive. Furthermore, to
prevent the slightly higher rate of intracerebral bleeding associated with this proce-
dure [91], modified needles have been suggested with retractable sharp guides and
depth check devices [89]. PNT compares favourably to the other more common
techniques suggested here in infection, and intracerebral haemorrhage when utilis-
ing modified needles. However, the clinical evidence for this technique is limited,
and it is premature to make any conclusive judgements on efficacy or safety.
3.5.3 Complications
One of the most common complications arising from an EVD procedure is infec-
tion of the cerebrospinal fluid or ventriculitis. This can become a life threatening
complication for patients in intensive care [84]. Infection rates vary from institu-
tion to institution. An overview of the reviewed papers suggest that it could be
anywhere between 2.2% to 21.9% [83, 84, 82].
The infection is thought to arise from contamination along the catheter track,
where micro-organisms colonise on the catheter surface [84, 92]. Ventriculitis has
also been attributed to CSF leakage around the EVD catheter and when the
catheter has been removed [82]. It is widely thought that catheter contamina-
tion is mostly due to the way it is manipulated, both in surgery and during the
post-operative care [82, 93]. Protocols have been advocated to limit exposure to
the catheter and maintain aseptic conditions [82]. Some have suggested the use
of antibiotic therapies, such as prophylactic antibiotics. However, there is con-
cern about encouraging resistance among infecting organisms. There is also no
significant evidence to suggest this is an effective course of therapy [94]. Changing
the catheter every 5 days has also been advocated [95]. However, this has been
mostly disproved as an effective treatment [83, 84, 93]. It also increases the risk of
bleeding through catheter insertion - one study found that 0.9% of all insertions
resulted in bleeding [84].
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Other authors have suggested modifications to the catheter itself to prevent
colonisation; these included surface heparisation and antibiotic impregnation. A
surface heparised catheter was found in a double blind study to have no measurable
effect [96]. On the other hand, the antibiotic impregnated catheter was found to be
two times less likely to be colonised, without presenting any evidence of building
microbe resistance due to the exposure to antibiotics [92]. Commercial catheters
of this nature are available, e.g. Codman Bactiseal R© catheters [97].
A second significant complication of EVD is brain haemorrhage as a result of
the operation. During each puncture a minor brain injury is possible, which can be
potentially hazardous [81]. Cases of asymptomatic haemorrhages have been found,
via post EVD CT scans, to be much more common than previously thought [91].
The third most significant problem for EVD is obstruction, particularly if
blood, e.g. from a haemorrhage, is contaminating the CSF. The usual proce-
dure to resolve this is by gently flushing the drain with saline solution [86, 98].
If this cannot clear the obstruction, the catheter must be replaced; with all the
complications, time and effort, this requires. Post-operative care also requires con-
stant assessment of the drain to ensure blockage does not occur and that blood is
not found within the CSF sample.
Equipment can also be a hazard. For example, the misplacement of the collec-
tion bag of the drainage system. If the bag is set too high, relative to the lateral
ventricle, the drainage will be inadequate. Consequently, the ICP will remain too
high potentially causing injury to the patient. If the bag is set too low, exces-
sive drainage will occur. This can result in the collapse of the ventricles, and
intracranial hypotension causing headaches and discomfort for the patient, and
potentially leading to subarachnoid or subdural haemorrhage [99]. The movement
of the patient must be strictly regulated. The drain must be stopped or clamped
if movement is required. This can be particularly problematic when the drain is
used with children. If for instance a child cries, ICP can increase and so the drain
must be immediately clamped. If the child moves or changes position the drain
must be clamped and unclamped by the medical staff.
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3.6 Chronic Subdural Haematoma
Chronic subdural haematoma (CSDH) is one of the most common types of in-
tracranial haemorrhage [100] and one of the most common neurosurgical conditions
[101]. The first description of CSDH is believed to have been by Kohan Wepfer in
1675, when he recorded a ’serum accumulation’ between the dura and pia mater
[102]. It is entirely possible that CSDH may have been described metaphorically
when trephination was used to exorcise evil spirits - in this case the evil spirit is
representative of the dark viscous fluid that effluxes from the wound [103].
Cases of CSDH are on the rise [101], but if treated adequately, it has a
favourable outcome. Despite this, contemporary literature still reports a mortality
rate of up to 13% [103]. With little progress in treatment over the past twenty
years, and an ever increasing elderly population who, with shrinking brains are
more susceptible to occurrences of CSDH - one published sample reported ap-
proximately 69% of CSDH were found in patients over 65 [104]. It is becoming
increasingly vital that research is conducted in to more rapid and less laborious
techniques that do not compromise safety and efficacy.
3.6.1 Pathogenesis
Chronic subdural haematoma occurs between the layer of loose dural border cells
on one side and the arachnoid cells on the other [101]. It is caused by the rapid
movement of the brain in the skull, as a result of traumatic injury or rapid accel-
eration and deceleration, severing bridging veins [20]. As opposed to other lesions
resulting traumatic brain injury, the effect of CSDH is not sudden and may not
become clinically evident for up to 21 days [20]. A study also found cases of CSDH
could occur as a complication of a neurosurgical intervention, particularly in proce-
dures that involved the opening of the arachnoid membrane [105]. The elderly are
particularly susceptible to occurrences, as the brain slowly atrophies with advanc-
ing years creating additional tension on the dural border cell layer at the points
where the veins traverse the dura mater[106]. Consequently, only a small amount
of momentum caused by the force arising from a trivial injury would be required
to shear the veins [101]. Young children are also susceptible, particularly between
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the age of birth to 2 years [107].
It is common for CSDH to resolve itself, in other cases, the traversing bridging
veins fail to coagulate and the haematoma continues to expand, increasing ICP.
Analysis of the CSDH fluid reveals high concentrations of profibrolytic substances.
It is believed that, when the vein is severed, the coagulation system is activated,
which in turn activates fibrinolytic system to break down fibrin created by the
coagulation system. Fibrin is an elastic, insoluble, protein that forms an interlacing
fibrous network in the coagulation of blood. This activation however is excessive,
causing persistent, local, and incomplete fibrinolysis that results in a vicious circle
of re-bleeding and excessive fibrinolysis [101, 108, 109]. Because of this, those on
coagulapathy are also susceptible [104, 105] to CSDH. The aim of any treatment
must be to remove a sufficient volume of profibronolytic compounds from the
haematoma to tip the balance in favour of coagulation. Hence, the procedures
focus on the evacuation of the haematoma fluid.
3.6.2 Imaging Characteristics
The preferred imaging modality for the identification of CSDH, after the suspicions
have been raised through clinical analysis, is the CT scan (Computed Tomography)
[110, 111]. Three types of CSDH can be identified based on the density that
appears in the image [112]:
• Hypodense - Density of less than 25 HU
• Mixed-density - Density of between 25-45 HU
• Isodense - Density of between 25-35 HU
Some authors have also included the additional category of a hyperdense haematoma
[100, 109, 113]. Isodense CSDH can be particularly problematic to identify on the
CT image because their density range is the same as the surrounding brain. They
can be identified indirectly by using the shift or compression of surrounding struc-
tures, such as the ventricular system. Even more challenging is if the isodense
haematoma is bilateral, e.g. across both sides of the brain. In this case the com-
pression of the ventricular system will be symmetrical and there is no midline shift.
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As a result, meticulous observation of the ventricular system must be observed for
identification [112].
Mixed density CSDH can also be problematic. It is generally easy to recognise
on CT images, however there is a chance that it is multiloculated, consisting of a
number of isolated cavities. These can usually be identified directly from the CT
image.
Figure 3.6: Chronic Subdural Haematoma
3.6.3 Procedures
The aim of surgery is to stabilise the patient around a safe ICP, and to precipitate
a resolution to the CSDH by draining away sufficient profibinolytic compounds,
thus helping to tip the balance in favour of coagulation and break the vicious cycle
described above [101].
There are three principle surgical procedures for evacuation of the haematoma;
twist-drill craniostomy, burr-hole craniostomy and craniotomy. In addition, there
are a number of minor variations, such as the use of drains and irrigation of the
haematoma cavity that are practised by different surgeons at different neurosurgi-
cal centres.
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The variations in treatment have caused concern among some neurosurgeons
who have called for treatment to be rationalised and standardised based on evi-
dence and best practice [101]. Treatment of CSDH has been described as a ’curious
blend of serendipity, empiricism, and scientific progress’ [103]. Currently the choice
of procedure is very much based on the inclination of the surgeon, with a ’do it
as I was trained’ approach rather than an evidence based and scientific approach
patient outcome [114]. Weigel et al. [102] presents an evidenced based comparison
of these principle procedures, the conclusions of which are presented in table 5.3.2.
The evidence was categorised based on the criteria of the American academy
of neurology. Class I evidence is for well designed randomised controlled clinical
studies. Class III evidence is for studies based on expert opinion, nonrandomised
historical controls, or case reports of one or more patients. Class II evidence falls
somewhere between class I and class III. The review [103] was unable to present
any class I evidence, and a limited number of class II. The majority of evidence
was class III. The conclusions of the review are similarly categorised into types
A, B, and C. Type A conclusions are mostly based on class I evidence, type B
conclusions on class II evidence, and type C conclusions on class III evidence.
The conclusions presented in the review could only be considered type C, with
some type B recommendations. The conclusions are summarised in table 5.3.2.
The author concedes that, because of the paucity of good evidence, there is a
need for prospective trials on surgical techniques for CSDH, and that conclusions
reached by the review can only be considered as general conclusions rather than
firm guidelines.
Craniotomy has been found repeatedly, to have the highest mortality and mor-
bidity rates without showing any improved outcome relative to the other two
procedures [102]. Thus, it is excluded from the remainder of this discussion. In-
creasingly, it is seen as an overly invasive therapy, when both burr hole and twist
drill methods are much safer. Some authors however, advocate the use of this
procedure when the CSDH repeatedly recurs [115].
Two procedures for evacuating a CSDH are described based on the summary
findings in table 5.3.2 one for each of the two types of trephination, twist drill
and burr hole craniostomies. There is insignificant evidence to suggest these are
conclusively the best procedure to use. However, they have shown comparable
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Table 3.2: Summary of treatment strategies with classification of supporting evi-
dence
Type Conclusion
Surgical approach
C Twist-drill craniostomy and burr-hole craniostomy are the safest procedures.
C Burr-hole craniostomy and craniotomy are the most effective procedures.
Irrigation
C Irrigation lowers the risk of recurrence in twist-drill craniostomy.
C Irrigation does not increase the risk of infection.
Drainage
B Drainage reduces the risk of recurrence in burr-hole craniostomy.
B Frontal position of the drain reduces the risk of reccurence.
C Drainage reduces the risk of recurrence in twist-drill craniostomy.
C The use of a drain does not increase the risk of infection.
Treatment of recurrences
C Burr-hole craniostomy is more effective in treating recurrent haematoma
than twist drill craniostomy.
C Craniotomy should be considered as the treatment of last choice.
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or promising results. In particular, drainage has been shown to deliver steadily
progressive improvements during the early postoperative phase, to the extent that,
in a trial comparing drainage and non-drainage therapies, the non-drainage tech-
nique was abandoned for fear of injury [116]. Within the UK, the burr hole method
tends to predominate [69].
Burr hole craniostomy with irrigation and closed system drainage
The site of trephination is usually chosen to be the point where the haematoma is
at its thickest, but not close to the midline or around the orbital. Following the
methods outlined in section 3.3.2, the site is prepared, anaesthetic administered
to the patient, a burr hole created in the skull, and the dura mater and outer
membrane of the haematoma are incised. Opening of the membrane causes a
spontaneous efflux of the haematoma. Some surgeons opt to irrigate the cavity at
this stage by inserting a tube or catheter and irrigating with either saline solutions
[107, 117, 118] or Ringer’s solution [119]. The cavity is irrigated until the fluid
exiting the cavity runs clear [117, 118].
A silicone catheter is inserted into the evacuated haematoma cavity. The
catheter is connected to a drain to gradually drain any remaining or recurrent
fluid, and decrease ICP. The wound is closed using either of the methods in sec-
tion 3.3.4. The length of time the drain is left in and the rate of drainage are
determined by the preference of the surgeon. The rate of drainage depends on
the height of drainage bag relative to the patient’s head. Opinions vary on what
the magnitude of this should be. In the literature, between 20cm and 80cm below
the patients head has been reported [107, 111, 114, 119], one author suggested the
use of suction at 60mmHg (0.45Pa) using a Jackson-Pratt drain, as opposed to a
gravity drain [118].
Twist Drill Craniostomy
The site of trephination is usually chosen to be the point where the haematoma is
at its thickest, but not close to the midline or around the orbital. Following the
methods outlined in section 3.3.2, the site is prepared, and anaesthetic adminis-
tered to the patient. A stab incision was made to the skin of between 0.5cm and
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1cm [120, 121]. The skin was not retracted. A twist drill, with drill bit of between
3 and 6mm [120, 122, 123], was used to perforate the skull. Unlike the burr hole
procedure, it is necessary to angle the drill relative to the direction the catheter
will be required to go.
The method of dura and membrane incision varies. A curved trochar can be
used [122], alternatively it may be reasonable to assume that the drill will lacerate
the dura [120, 121]. Others have suggested the use of a needle of 180 gauge or
no.16 respectively. It is often not necessary to coagulate the dura as the effusion
comes out spontaneously [123]. A drainage catheter is then inserted. The bag is
placed between 20cm and 50cm below the head for a period of between 12 and 48
hours [107, 120, 123, 121]. One author also suggested the use of irrigation with a
saline solution before the suturing [123].
The twist drill method is somewhat controversial. A number of authors advo-
cate this procedure over others [107, 119, 121, 124] yet it is not the most common
form of treatment.
There is some evidence to suggest that it has an higher rate of post operative
haematoma recurrence than burr hole craniostomy [103]. However, the evidence
is neither strong nor conclusive. It is interesting to speculate why such variations
of opinion exist, it is possible for instance that the major variable in any study
comparing the two methods is the surgeon. The restricted visual access of a hole
drilled using a twist drill doubtlessly makes some surgeons uncomfortable with
this method. Consequently, they may be more careful in their application of the
treatment and thus recurrences could be due to excessive caution on the surgeons’
part. Alternatively, it may be simply a case that the difference in effectiveness
between the two procedures may be so small that it is difficult to uncover any
statistically significant trend. As Weigel et al. [103] conceded, very little evidence
of class-I and class-II exists thus far. It is unfortunate that no formal study has
been performed on a cost-benefit basis - e.g. hospitalisation time, procedure time,
cost of re-operation, etc - which may provide rationalisation for one procedure over
the other.
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Alternative techniques
Alternative techniques for evacuating CSDH have been proposed to in order to
improve effectiveness, make the procedure easier, make it more rapid, less invasive,
or some combination of these.
Variations on percutaneous needle trephination or tapping have been proposed
[125, 126, 127]. A small hole in the skull is created through a stab incision in the
skin using a small twist drill or needle. The dura is perforated with a needle and
the haematoma is tapped with a needle or cannulae. Takeda et al [126] used this
procedure with the aim of reducing recurrences by replacing drained haematoma
fluid with oxygen. Other authors have adopted similar methods such as filling the
empty cavity with carbon dioxide [128], using oxygen with drainage [129] and the
use of Hartmans solution [130]. No evidence have shown any effect on recurrence
over conventional procedure.
As a method of simplifying the procedure, some authors have experimented
with ports or intracranial bolts which can be screwed into the cranial bone. Benes
et al [131] used a plastic hollow screw to fix the catheter in place during drainage.
Asfora and Schwebach [132] used a subdural evacuating port (SEP). The device
consisted of a self-tapping thread for attaching to the cranium at one end and
annular barbs at the other. It was screwed into the cranium through a 5.8 mm
twist drill. Suction tubing is attached to the barbs and the haematoma is drained
from the cavity by gentle negative pressure applied by a suction reservoir bulb. The
authors claim that the absence of a catheter can prevent some subdural re-bleeding
that would otherwise be caused by the catheter entering the cavity, though there
is no evidence to support this claim.
Neuroendoscopic techniques have been proposed for the treatment of multi-
loculated haematoma [133]. After two burr hole trephinations, an occipital and
frontal hole, and partial effluxing of the haematoma, a steerable endoscope is en-
tered through the burr hole into the subdural space. The dividing membranes are
resected using the microscissors under endoscopic control, thus allowing commu-
nication between chambers and the resolution of the whole haematoma. However,
the relative usefulness is questionable when considering the time and effort re-
quired to perform it. The role of surgery in the resolution of CSDH is to tip the
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balance in favour of coagulation by removing a sufficient amount of fibroanalytic
fluid from the cavity. It may suffice therefore, to only remove the largest cavity to
facilitate resolution. If this fails a second drainage site can be opened with relative
ease, without resorting to difficult endoscopic methods.
3.6.4 Complications
The most common complication associated with the treatment of CSDH is recur-
rence of the haematoma post-surgery. Rates of re-occurrence vary between 3 to
31.6% [116, 119]. A number of factors have been attributed to recurrence; includ-
ing haematoma thickness, drainage volume, history of diabetes [116], coagulopathy
[109] and drainage volume [134]. Much of the research into alternative therapies
has been to attempt to reduce the recurrence rate. Twist drill craniostomy is
generally regarded as having a higher instance of recurrence [102], however the
evidence for this assumption is not rigorous (class III), and several studies have
found the opposite to be true [120, 121, 124]. Clearly conditions of recurrence
should be analysed and attempts made to reduce its frequency. However, if the
performed operation is sufficiently rapid, both in terms of operation and hospital-
isation time, and safe with sufficient clinical monitoring in place, then the effects
of recurrence are considered relatively benign.
Excessively rapid evacuation when draining a CSDH can cause a number of
complications, such as intracerebral haemorrhage and haematoma [119, 122, 135].
The rate of drainage is normally set to be quite slow to allow the brain to re-
expand into the cavity [122]. Too rapid drainage can cause sudden changes in ICP
resulting in intense headaches for the patient [123]. As with EVD, CSDH is often
drained with gravity drains with no control other than the height the bag is set
at relative to the head. Accidental movement of either the patient or the drainage
bag could alter significantly the rate of drainage, potentially creating a situation
where rapid drainage may occur.
There is a risk of infection, as with any invasive neurosurgical procedure. Cases
of subdural empyema, as a result of infection, were found in one study to be around
2.1% [119]. This is a low percentage, however, if it is to some extent an avoidable
complication, it should be should be minimised wherever possible. Like EVD,
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catheter blockage when draining the haematoma, is a particular problem due to
the high protein content in the haematoma fluid [108].
Pneumocephalus is a relatively rare condition where air enters the cranium
filling the void left by drainage, and becomes trapped in the intracranial space.
Small amounts of air can be remetabolised by the body, but too great a volume,
can cause increased intracranial pressure and compression of the brain. In this
event, re-operation must occur and the air expelled. It has been suggested that
the use of suction drains [118] can prevent the occurrence of pneumocephalus.
Furthermore, the use of a strictly closed drainage system has been shown to reduce
intracranial air significantly [136]. The patients position has also been suggested
as an important factor; the supine position being advised [137].
3.7 A Unified Approach to the Procedures
This chapter is concluded by summarising the preceeding discussion on methods to
perform the target neurosurgical interventions; placement of an intracranial pres-
sure monitoring, external ventricular drainage, and drainage of chronic subdural
haematoma. The summary unifies the different methods by introducing a sin-
gle approach that can be adapted to any of the procedures with minor variations.
This unified approach is used as the basis for development of a mechatronic system:
Step 1 - Preparation: An entrance site is chosen. For ICP monitoring and EVD,
the site is 10mm forward of the coronal suture and 20-30mm lateral from the mid-
line over the non-dominant hemisphere (see ICP and EVD sections). For CSDH,
the site is chosen to be the thickest part of the haematoma, but not near the
midline as this has a major artery. An area of approximately 50mm × 50mm,
with the entrance site approximately at the centre, is shaved and cleansed with
disinfectants. The patient is put under either local or general anaesthetic.
Step 2 - Incision: A linear incision is made over the site of approximately 30-40mm
in length with a sharp No.10 surgical blade. When the incision is close to the mid-
line, the direction of the incision should be parallel to the midline to avoid any
risk of contact with the midline artery. The incision is pulled open, first by the
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surgeon’s fingers, then held and expanded by surgical retractors. The retractors
are inserted into the wound, with the fingers of the retractors being tucked un-
derneath the subcutaneous layer. They are then expanded to open the wound.
The compression of the skin by the retractors will stem some of the bleeding that
results from the cut. If bleeding persists, the retractors can be opened further
to exert greater tension and stem the bleeding. Any remaining bleeding must be
cauterised (see cauterisation task).
Step 3 - Trephination: A burr or twist drill hole is drilled into the skull. The
diameter of the hole depends on the procedure and preference of the surgeon, and
can be anywhere between 5-15mm. Saline fluid is washed over the site to wash
away particulates. The dura to be sutured on opposing sides of the burr hole and
pulled up into the hole. This prevents the dura mater from coming away from
the skull during incision - potentially causing an extradural haematoma - and also
helps to stem bleeding of blood vessels between the dura and the skull. However,
for smaller access holes this step is impossible, and is therefore omitted.
Step 4 - Membrane incision: The dura mater, and potentially the arachnoid mem-
brane, are incised with a No.11 surgical blade in a cruciate fashion to make an
opening of approximately 3mm in diameter. A No.11 blade has a sharp tip and
is more suited to incision tasks. Alternatively, a monopolar electrosurgery probe
could be used in blend mode (see electrosurgery discussion) to cut a permanent
scarred hole. This would have the added benefit of cauterising the membranes and
surrounding tissue simultaneously to cutting. For ICP monitor placement and
placement of an EVD, both the dura mater and arachnoid membrane are incised.
For evacuation of a CSDH, only the dura mater is incised, as the haematoma
pocket is above the arachnoid membrane.
Step 5 - Insertion of catheter: A catheter or intracranial pressure monitor is in-
serted into the target region within the cranium. For EVD, the target region is
the frontal horn of the lateral ventricles (shown in figure 3.2). For CSDH, the
target region is the haematoma itself, underneath the dura mater. An ICP probe
can be placed in several cranial regions (shown in figure 3.5). Placement of the
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probe in the lateral ventricles is chosen for the present work. It is most efficacious
of the different positions, and the placement procedure is essentially identical to
EVD, streamlining the functional requirements of the mechatronic system. The
catheter is stiffened using a stylet or rod inserted within the catheter. The catheter
is pushed into the relevant region and the stylet removed. The catheter then be-
comes flexible.
Step 6 - Wound closure: The catheter or probe is threaded under the skin to an
exit site a few centimetres from the craniostomy using a trocar or needle. Alterna-
tively, the catheter can be threaded into an intracranial bolt which is then screwed
into the craniostomy and sealed around the catheter. The skin is sealed over the
craniostomy, or around the intracranial bolt, using sutures or staples. The wound
is dressed. The catheter is then attached to a drain or connected to the pressure
monitoring system.
Parallel task - Coagulation: The task runs in parallel with the other tasks rather
than as part of the sequence. If excessive bleeding occurring at any part of the
procedure must be cauterised. A set of bipolar electrosurgical forceps are used to
pinch and clamp the tissue around the wound. The electrosurgical generator is
activated and the wound is cauterised.
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Chapter 4
Problem Definition and
Methodology
In the previous chapter, a clinical need for a mechatronic neurosurgical system was
presented, and three exemplar neurosurgical procedures proposed as candidates for
mechatronic assistance. In this chapter, the challenge of producing a system that
can robustly and safely assist with these procedures is addressed. A concept for the
system is introduced and a method to perform the chosen surgical procedures is
formulated. The proposed concept advocates a modular system, where individual
mechatronic tools are custom designed for specific tasks of the operation. The tools
are then selected and deployed by a larger robotic system. The proposed concept
generates a series of difficult control system challenges. Some of these challenges
have direct analogies with other control and robotic problems which have well
known and well established solutions, while others pose interesting and unusual
new problems with no obvious or trivial solutions. One particular challenge is
identified to focus the work; the pinching of tissue for bipolar coagulation and
wound closure. The problem is defined and analysed using past literature and new
experimental results. This problem provides the motivation for the new controllers,
algorithms, propositions, and theorems that are developed in the remainder of this
thesis.
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4.1 Concept for a Mechatronic System
The three neurosurgical interventions, though simple to a neurosurgeon, are diffi-
cult and complex for an autonomous mechatronic or robotic system. Autonomous
robotic systems are generally deployed doing single, simple and repeatable tasks,
in controlled and consistent environments. In the proposed neurosurgical proce-
dures, each task requires specific workspace dimensions, degrees-of-freedom, tools,
control schemes, and sensor configurations to cope with the complexity of the op-
eration and the inconsistent and dynamic environment. A completely integrated
and centralised system in effect, a robot neurosurgeon would be complex and
expensive, and contrary to the aim of producing a simple and robust system. In-
stead, a distributed, modular system is proposed consisting of three components: a
gross-positioning passive manipulator, an active robot, and a series of task-specific
mechatronic tools. The gross-positioning system would hold the active robot in
the correct orientation and position over the patient. Motion and sensor require-
ments to perform the procedure would then be shared between the active robot
and the mechatronic tools with the robot providing degrees-of-freedom, control,
and sensor capabilities that are common to most or all of the tasks, and the mecha-
tronic tool providing motion, control and sensor perception that are specific to an
individual task. This approach leads to a more elegant design which can lower the
system cost, improve reliability and robustness, and increase the system utility as
new tools could potentially be added to the system to expand its function. It also
solves the contradictory problem of using a small, low-cost, and simple robot to
perform a complex multi-tasked operation successfully. The three components of
the system are described further below:
Gross positioning system: This component provides large-scale positioning of a
smaller robotic system, by aligning it to the correct point and axis on the head,
and holding it securely for the duration of the operation. The gross positioning
system requires five degrees-of-freedom to correctly position relative to the head
and to orient the robot to the axis used in the operation. Roll positioning, about
the axis of operation (defined here as the axis of the burr hole), is not required as
this may be performed by the smaller robot.
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Active robotic system: A robotic system capable of performing the kinematic
requirements common to the majority of the required actions. It selects a mecha-
tronic tool from its tool-changer and then positions and deploys the tool. The
robotic system requires four degrees of freedom to encompass the bulk of the kine-
matic requirements; two linear DOFs (along and across the axis of operation) and
two rotations (rotation about the axis of operation and rotation normal to the
axis of operation). An additional degree of freedom would be required in the end-
effector to connect and disconnect from the mechatronic tools. The robotic system
would be instrumented with force and position sensors. As the bulk kinematics
are incorporated into the main robot, so too can the bulk of the force and position
sensing requirement, reducing the cost and complexity of the system.
Small Mechatronic tools: Individual mechatronic tools that are custom designed
to perform one or more individual tasks or actions. The active robotic system
would collect each tool from a tool changer when required. The design of each
tool would be dedicated to performing the task in a reliable and robust way, with
all the additional sensory perception, degrees of freedom, and actuation required
incorporated into its design. It is proposed that the task be performed by seven
mechatronic tools. A map of tool function is shown in figure 4.1. Broadly, the
types of mechatronic tools can be placed into two categories: intracranial tools and
extracranial tools. The intracranial tools are simplest in design - needing only lim-
ited degrees-of-freedom, actuator, and sensor requirements. However, these tools
are also safety critical. They must operate without user interference (as the user
is unlikely to have any experience of neurosurgery) and to work in the most safety
critical environment with the most potential for harm in the event of fault. The
extracranial tools are of less importance, as it is more likely that an operator will
have experience of the task they perform, and the risk is lower as there is very low
chance of morbidity or mortality if something goes wrong.
An additional component to the three described are the surgical tools. In or-
der to improve acceptance and lower the cost, the system will wherever possible,
employ conventional medical technology as opposed to custom designed and ded-
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icated technology. For example, using standard drills, electrosurgery equipment,
skin staplers, and existing cranial bolts.
Figure 4.1: Function map of the mechatronic tools
4.1.1 Proposed Design
A design for the active robot is proposed to accommodate the requirements and
constraints outlined thus far. While the design of the system is beyond the scope
of the present work, the creation of a preliminary design was necessary for the
progression of the overall project. Some knowledge of this design will also facilitate
further discussion in this thesis, and so it is briefly described in this section.
The design of the active robot is based around a central ring. This ring is the
base for the attachment to the gross-positioning arm. The active robot is held by
the gross positioner, and is positioned approximately 300mm above the patient’s
head, with the central axis of the ring along the axis of operation. The ring
also holds the cameras used in patient-robot-preoperative image registration, and
stores the mechatronic tools ready for selection and deployment, thus integrating
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the tool changer mechanism into the design. The ring contains an inner disc set
on circular rails so that it is free to rotate about the axis of the ring (defined as
rot-axis). The disc is actuated by the combination of an inner gear round the
ring edge, and a spur, that is in turn, connected to a worm gear and motor. The
worm gear is non-backdriveable, which is useful to lock the robot into a static
position in the event of power loss, preventing further harm to the patient. An
arm is mounted to a linear slider to give a degree of freedom (defined as the x-axis)
across the diameter of the disc. The arm is actuated along the diameter using a
rack and pinion system with a worm gear joining the pinion to the motor. The
arm is designed for motion along its longitudinal axis (z-axis) using linear sliders.
The arm is actuated in this direction using the same transmission mechanism as
the x-axis - a rack and pinion system with worm gear joining to motor. As before,
worm gears are chosen because they are non-backdriveable, and thus render the
robot static in response to power failure. Furthermore, the arm is designed to
have a quick release mechanism so that it can be removed to gain access to the
patient in an emergency, or to extract the robot after system failure. A gripper
mechanism is attached to the end of the arm. The gripper is designed to dock
with the mechatronic tools. The gripper contains electrical and fluid connections
for the mechatronic tool. When the robot requires a mechatronic tool, the disc
rotates so that the x-axis is aligned with the correct tool. The arm is moved along
to the extremity of the x-axis, and the gripper moves along the z-axis until aligned
with the docking assembly on the mechatronic tool. The gripper closes on the
tool to create a rigid connection. The tool holder on the ring is designed to allow
some flexibility to account for inaccuracies in positioning of the gripper. When
the connection is made, and the robot has polled the tool for confirmation of the
connection, the tool is released by activating a small linear actuator positioned
on of top the x-axis linear slider. The linear actuator compresses a spring-loaded
plunger which releases the tool from the central ring. The tool is returned by the
reverse procedure.
The proposed design has the advantages of a simple mechanical and kinematic
design with the tool changing mechanism integrated into its design. Furthermore,
the design is kinematically simple and, when the arm has adopted the correct pose
and initial position, only one axis need ever be in motion when performing tasks
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Figure 4.2: Proposed design
on the head. Thus, trajectory generation is simplified and robust.
4.2 Process and Workflow
To clarify the role of the system within a medical context, the process followed
during a procedure, and the flow of individual tasks performed by the system and
medical staff, a typical scenario is considered where the system might be used. Let
us assume the following: A patient has been admitted to a local district hospital
showing signs of possible neurological injury - e.g. poor conscious state, sluggish
pupillary response, abnormal posturing and motor response in the limbs, poor
verbal response, etc. A CT scan of the patient is obtained, and shows expanded
lateral ventricles - indicating hydrocephalus - or a large subdural haematoma.
The severity of the hydrocephalus or haematoma on the CT scan and the rapid
evolution evidenced by the patient’s deteriorating neurological state prompt the
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responsible clinician to seek advice from a neurosurgeon. The clinician and neuro-
surgeon discuss the risks of delaying the treatment, and decide for the welfare of
the patient to deploy the system.
The patient is prepared for the operation. The prospective cranial access site
is shaven and sterilised. The patient is given local or general anaesthetic. The
head is clamped to the bed using either a head brace or Mayfield clamp. The
passive arm is attached to the bed or floor, and positioned so the end-connector
is over the patient’s face. The active robot is connected to the end-connector of
the passive arm. The passive arm is adjusted so that the cameras along the ring
of the active robot are approximately focused on the patient’s face. Using the
cameras, the patient is registered to the CT scan, and to the system, creating
transforms between the CT coordinate frame, the patient coordinate frame and
the system coordinate frame. The system calculates the position and orientation
of the axis of operation and outputs a set of positions for the passive arm such
that the active robot central axis (the central axis of the ring) aligns with the
axis of operation. Recall that the axis of operation is defined as the axis that
joins a point in the frontal horn of the lateral ventricles to the point of cranial
access for ICP monitoring and EVD, and an axis approximately normal to the
head surface that crosses the point of cranial access in CSDH. With the system
aligned, the active robot and passive arm are covered in sterile plastic drapes. The
operating clinician manually moves the gross-positioning arm to the new position
using position sensors on the joints. The mechatronic tools are then loaded onto
the ring of the active robot. The mechatronic tools are designed to be sterilised.
Those parts which cannot be sterilised are wrapped in separate sterile plastic
drapes.
The procedure is ready to begin. The active robot selects the first tool for
skin incision from the exterior of the ring. The tool is moved to the surface of
the patient’s head, and performs its specific role. The first tool for example, is for
skin cutting and is simply a blade with some compliance in the direction of the
z-axis. The active robot pushes the blade into the patient’s scalp. The compliance
in the tool accommodates any excessive motion that might damage the blade or
the patient. The active robot moves the tool linearly a set distance, then lifts the
tools, and returns it to the ring. A discussion of the mechatronic tools, and how
79
they might perform their set roles, is included in the next section. The active
robot selects each of the tools in turn according to figure 4.1. The sequence leaves
an intracranial bolt with a catheter and stylet inserted into the head, and the skin
wrapped around the base of the bolt and secured with staples. The system is
removed from the side of the bed. The mechatronic tools are removed one by one
from the ring of the active robot. The robot itself is then removed. The gross-
positioning arm is moved away from the patient manually, and is itself removed
from the bed. The operating clinician removes the stylet and connects the catheter
to a drain. The bolt is sealed around the catheter. The site is then dressed to
complete the operation. The system is removed from the operating room for re-
sterilising and cleaning.
4.3 Mechatronic Tools
The following tasks are performed intracranially: catheter placement, resection
of the dura mater, and drilling. The catheter placement task differs between the
three surgical procedures. The simplest catheter placement is for chronic subdural
haematoma, where the catheter is placed inside the haematoma cavity to drain
the fluid. Thus, the task merely requires that the tool identify the surface of the
brain and advance no further, i.e. not pushing the catheter into the brain, but
placing the catheter in the cavity instead. External ventricular drainage requires
the placement of the catheter in the frontal horn of the lateral ventricles. Typically,
the catheter is pushed by the surgeon using a stylet, which sits inside the catheter
to stiffen it during brain penetration. The tool will need to perform the same task;
to push the catheter towards the ventricle (alignment having been covered by the
robot) and identify when the ventricles wall has been penetrated. The stylet can
then be removed postoperation and the catheter connected to the system drainage
attached. The placement of an intracranial pressure monitor is effectively the same
as the EVD procedure in that the catheter, with a pressure sensor tip is pushed
into the frontal horn of the lateral ventricles. It should be noted that a project
aim is to limit the use of proprietary equipment, and therefore part of the goal is
to be able to perform detection tasks with an ordinary catheter/ICP probe.
The dura mater must be incised by the tool to reach the internal structures
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of the brain. This task requires the lowering of a monopolar electrode into the
cranium until contact with the dura mater is detected. Electrosurgery, using the
blend mode, is then used to cut the dura mater and coagulate surrounding tissue.
The task requires that the position of the dura mater is precisely known with
respect to the monopolar electrode and that the electrode does not protrude into
the brain. If it does, then activation of the electrode will damage the brain tissue.
The drilling task uses a twist drill to open a 5-7mm hole in the cranium for
surgical access. If the tool is aligned by the axis of operation, then the tool
will move the drill into the cranium, cutting the hole. It is envisaged that the
tool will use a conventional surgical drill and thus the aim is to avoid special
sensor configurations attached on the drill. During this process, the site will be
continuously irrigated to remove bone fragments. An important feature of this
tool is the capacity to detect breakthrough when the skull has been completely
penetrated. Failure to detect breakthrough could lead to considerable injury, thus
it is vital that the method be robust.
There are four tools that perform extracranial tasks: skin bleeding tool, skin
cutting and retraction tool, bolt placement tool, and skin closure tool. When
the skin has been cut, skin bleeding will occur. Some of this bleeding may be
stemmed by application of retractors, opening up the wound and stopping bleeding
by placing tension on the skin. However, some bleeding may still continue. When
the retractors are removed, the tension of the skin will be removed, thus bleeding
may reoccur after the operation, and will need to be coagulated prior to skin
closure.
This task is performed by using an electrosurgical generator in coagulation
mode with a bipolar electrode. The bipolar electrode is different to the monopolar
in that the current does not pass through the whole patient but is localised between
the two poles of the forceps of the electrode. Damage to the delicate skin surface
is minimised by having a more controlled current flow. To perform this task, an
accurate, repeatable, robust method of skin pinching must be established, with
due caution in the amount of pinch force to prevent overpinching sticking the
cauterised material to the electrodes. The bleeding must also be detected, and
position data be fed to the robot. Finally, as with monopolar electrosurgery, the
bipolar electrode will effectively act as an antenna for RF radiation. This effect
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must be considered, and designed for.
The operative site is secured via the placement of an intracranial bolt by a
bolt placement tool. The purpose of the bolt is to secure the site post operation.
Operating on an exposed burr hole presents opportunity for infection. Further,
if the intracranial bolt is placed incorrectly, chance of dislocation increases. The
task requires that the intracranial bolt be screwed into the skull, in the face of
geometric uncertainty. The bolt is effectively a self-tapping screw. It is screwed
into the burr hole, cutting a thread as it goes, to seal the hole and provide a safe
point of access for a catheter or ICP probe.
This problem is effectively a peg-in-hole situation, a research area well estab-
lished in robotics [ref]. However there are four areas of difference. Firstly, the
bolt chamfer is very small to be almost negligible and there is no opportunity
to chamfer the burr hole. The case of peg-in-hole without chamfer is discussed
extensively in [ref]. Secondly, the skull surface is unlikely to be even. Thirdly, as
the bolt is effectively a self tapping screw, there is negative clearance between bolt
and hole the bolt will not fit in the hole until a thread is cut. As a result, the bolt
cannot be aligned in the two point contact situation that normal remote centre of
compliance (RCCs) devices, common in the robotics industry. It must locate the
hole by working through only single point contact. It will therefore be necessary
to design out any angular error between drill angle and bolt angle. This is feasible
as the same arm is performing both drilling and bolt placing tasks. Furthermore,
if the contact point is found to be lower than any adjacent point round the rim of
the hole, the point of contact must be switched to the higher point, to guarantee
correct alignment with the axis of operation. The final problem requires that the
tightening torque be monitored, to prevent over tightening causing damage the
bolt thread and increasing the probability of dislocation.
Skin closure is performed post-operation to seal the skin around the bolt, clos-
ing the wound and preventing infection. Typically, the surgeon will use sutures
to perform this task, however, this is kinematically complex for a robot or mecha-
tronic tool. Skin staplers are simple, robust and inexpensive items that are regu-
larly used in hospitals and require few degrees of freedom to operate successfully.
Consequently, they are ideal use in this task. To operate the stapler, the skin must
be compressed together to make a small mound of tissue that the skin can wrap
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into. The stapler is then pushed into contact with the mound and the stapler
operated. The staple is ejected and penetrating the tissue and curving round to
secure the tissue together. The skin stapling tool requires two components: one
component is a gripper to push the tissue together; the second component is the
stapler, actuated to autonomously eject the staple. An additional challenge for
this particular component is the necessity to validate its performance, as a staple
will only be able to place once, and all actions must be achieved in series for the
task to be successful. For example, the stapler must have some method to know
that the skin has been successfully bunched prior to stapling.
4.4 Problem Definition for Control System De-
sign
The control of the mechatronic tools poses a number of challenging control prob-
lems. These tools must operate in what is traditionally a difficult environment
for classical control systems. For example, the tissue parameters vary between pa-
tients, and so the controller must be robust to this range. It is difficult to delineate
all possible events and all possible outcomes which the controller must be required
to respond to. Thus, we have a system which is complex and partially unknown,
and the control algorithm must exhibit the human and unquantifiable trait that
is judgement.
The most significant of the control problems are summarised in the last column
of table . Some of these problems have already been satisfactorily addressed by
previous work, or have comparable analogies to well established problems with well
established solutions. For example, robust contact detection (detection of brain
surface contact, brain surface penetration, ventricle breakthrough, and dural con-
tact) can be performed using peaks in the first or second order differential of the
measured force-feedback. Alternatively, contact can be measured accurately by de-
tecting electrical continuity in a circuit that includes the head and a contact probe.
Control of the bolt tightening using feedback torques has been studied extensively
in industrial applications [refs] and a medical application [ref]. Similarly, bolt
alignment has been studied extensively, using passive mechanical devices [refs] or
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Table 4.1: Summary of tool requirements
Tool Degrees of Range of motion Requirements of Control requirements
freedom (DOF) robot system
Catheter 1 DOF along AO Furthest travel Position the tool Detection of brain
Placement distance along the AO. Tool surface contact (CSDH)
= 80 mm then moves catheter Detection of brain
into the cranium. surface penetration
(ICP, EVD)
Detection of ventricle
breakthrough (EVD)
Dural 1 DOF along AO Furthest travel Positioning tool Detection of dural
incision distance along AO. Tool contact (all)
= 30 mm moves monopolar
electrode in to
contact with
dura mater.
Drilling 1 DOF along AO Furthest travel Positioning tool Detection of drill-bit
distance along AO. Tool breakthrough (all)
= 30 mm moves drill in to Detection of faults
contact with the
skull.
Skin 1 DOF to push Furthest travel Identify source of Control of tissue
bleeding forceps into skin. = 20 mm in to bleeding, align tool pinching.
1 DOF to the skin. Bipolar with source of
forceps. forceps = 14 mm bleeding.
(7 mm per leg).
Bolt 1 DOF along AO. Furthers travel Positioning tool Detection of bolt
placement 1 DOF to rotate distance along AO. Tool tightening.
the bolt. = 40 mm moves to skull Control of alignment.
Additional surface and contains
complaint DOFs complaince for
required for alignment.
alignment.
Skin 1 DOF along AO. Furthest travel Positioning to Control of tissue
stapler 2 DOF for gripper distance staple location. pinching.
mechanism. = 20 mm along
1 DOF for stapler AO.
activation. = 60 mm for
Additional gripper.
compliant DOFs
for alignment.
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force-feedback control schemes [refs]. For the present work, two particular control
problems are studied. These are the manipulation of soft-tissue (tissue pinching)
and intelligent fault detection in autonomous drilling (including identification of
breakthrough). These problems are further defined in this section.
4.5 Robotic Soft Tissue Grasping - Experimen-
tal Analysis
Two of the control problems outlined in table 4.1 require robust soft tissue grasp-
ing. These are tissue pinching for electrosurgery, and tissue grasping prior to skin
stapling. For simplicity, this thesis will focus only on the former task - tissue
pinching for electrosurgery - and assume that tissue grasping for skin stapling is
sufficiently similar for any results to be applicable to both problems. In this sec-
tion, the problem of skin pinching is defined using empirical analysis of the force
profile during pinching. The characteristics of pinching are discussed, specifically
the characteristics of an ideal pinch.
4.5.1 Method
A diagram of the experimental apparatus is shown in figure 4.3. A sample of pig
skin is taken from the frontal bone approximately 60mm in length and 30mm in
width. The sample is placed on a plate covered in a smooth paper. The skin is
clamped at each end of its length and an acrylic flattening plate is held slightly
above the skin sample to prevent the skin from excessively rising upwards during
pinching. A set of tweezers are instrumented with strain gauges on the exterior
of each leg to detect reaction forces in opposite direction to the closing tweezers.
The tweezers are aligned and clamped at the rigid end to a one degree of freedom
linear robot, with the free ends pointing towards the skin sample. A load cell in the
robot is able to detect forces acting in a direction normal to the skin. The robot
is controlled from a PC using a DOS operating system, and custom-built control
hardware. The strain gauges and the robot’s load cell signals were amplified with
custom strain gauge amplifiers and recorded at a sampling rate of 100Hz using a
USB-1208FS DAQ module (Measurement Computing) on a Laptop computer.
85
To actuate the tweezers, a Lynx A hobby gripper (LynxMotion, USA) is used
with a Hitec HS-211 servomotor (Hitec, Japan). The gripper is affixed to the robot
above the tweezers, with the gripper’s longitudinal centre aligned approximately
to the same plane as the tweezers longitudinal centre, so that when the gripper
is closed, the tweezers are also forced into the closed position. The gripper is
controlled directly from the PC using a PCL-320 DIO board. The pulse length for
the gripper’s servomotor was incrementally increased during each program cycle of
the software, giving an approximate constant servo speed. It should be noted that
the structure of the gripper means that a constant servo speed does not translate
to a constant tip closure speed - the gripper uses a four-bar linkage on each side
with torque applied at one of the pivots. However, as the nonlinearity in tip closure
speed is small, it shall be considered negligible. All programming tasks for robot
and gripper were written and compiled in turbo C++.
The tweezer tips are set to an open position a short distance from the skin
sample. The robot moves the tweezers into the skin to a predefined depth. When
in position, the servomotor is instructed to close. The normal and tangential forces
acting on the tweezers are recorded while closing. When complete, the robot and
servo are instructed to return to the initial position. The task is then repeated,
incrementally increasing depth at each run.
4.5.2 Results and Discussion
The force measured on the tweezer compared to the feed-forward closing distance
(referred to as the y direction) is shown in figure 4.4. The y distance is approx-
imated from the servo commands and relationship between servo position and
tip position. Hence, the value y is not directly measured, and does not consider
flexure within the gripper mechanism or the tweezers. Tests were performed at
1mm intervals of depth into the skin, increasing until no slip was observed at the
sample-tweezer interface. For clarity, figure 4.4 shows only three results for each
sample. Samples A and B had less fatty tissue than the other samples and surface
conditions were dry. Sample C had a larger volume of fatty tissue and the sur-
face conditions remained moist during testing. All samples had been frozen and
defrosted prior to testing.
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The results presented in figure 4.4 show considerable variation in terms of
numerical values between samples, however this is to be expected when considering
the possible variability, confounding factors and randomness of the composition of
skin tissue. Further work could explain these numerical differences with detailed
analysis of the sample’s structure, but this would not be useful in establishing
a control strategy and is thus considered beyond the scope of the present work.
Despite this variation, the samples do provide clear evidence of the characteristics
common to all samples of the force profile during pinching. These characteristics
are illustrated in figure 4.5.
By observation, it was found that the occurrence of slip corresponds to a drop
in the force profile. The observation is intuitive, as clearly slip is a result of the
skin’s elasticity returning to an equilibrium condition, and hence the force should
decrease as the skin reaches a lower energy state. In general, four regions can be
inferred for the force profiles of figure 4.6. The first region occurs prior to slip,
and gives an approximately linear profile. Region two exists at the beginning of
the onset of slip as the force profile gradually drifts away from the linear function
of the first region. In the third region, there is a rapid decrease in force as the skin
attempts to regain equilibrium. At the fourth region, the force ceases decreasing
and the linear state is recovered. The size of these regions is sample specific.
Samples A, for example, has a clear range where the second region is active, e.g.
the force is moving away from the previous linear profile. However, in samples
B and C, this region is almost negligible, and thus very little warning is given
regarding the onset of slip.
It is clear from figure 4.4 that the gradient of the linear region increases with
the depth into the sample. The gradient of the linear region is defined as the
force per mm and thus is analogous to stiffness. Figure 4.6 show the approximate
stiffness, inferred from the linearly increasing regions of each of the samples at
depths greater than 5mm. Depths below 5mm have only small linearly increasing
regions as the sample is continuously slipping. This makes the stiffness difficult
to reliably calculate and thus, are excluded from the figure. There is considerable
scatter present amongst data points and it is difficult to define a relationship.
However, as shown in figure 4.6, a curve appears to give the closest approximation,
and thus empirically the relationship can be regarded as a quadratic function with
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zero at the origin.
The coefficient of friction is defined as the ratio between the friction force and
applied normal force. This definition is used to derive the co-efficient of friction
for the skin samples. Figure 4.7 shows the result as a probability distribution. It is
proposed that the distribution approximately conforms to a log-logistic probability
density function (pdf) with a clear mean average at 3.05. The force at slip is most
likely to be directly proportional to applied normal force. This is implied by the
shape of the distribution function, which shows a considerable weighting of the
probability distribution around the mean value of 3.05, i.e. the function variance
is low, .
The force at slip is, for the most part, directly proportional to applied normal
force. This is implied by the shape of the distribution function, which shows
a considerable weighting of the probability distribution around the mean value
of 3.05, i.e. the function variance is low. A more even distribution would cast
doubt on this otherwise intuitive assertion, as greater variance would imply other
dominant effects that are changing the coefficient during pinching. Thus, the effect
of increasing the normal force to prevent slip would be limited. As this is not the
case, it will be assumed that slip force is proportional to normal force. It should
be noted that the skin surface is generally uneven, and the point of the tweezers
can dig into the fatty tissue. Thus, the coefficients given here are not directly
comparable with coefficients of friction for other materials in the literature. The
value for the coefficient of friction is only considered in the mathematical sense
- as a ratio between force before slip and contact force - rather than a physical
property for comparison with other materials.
Summary
In summary to this section, the following four statements have been demonstrated
which will be used in the development of a future control strategy: .
a) The force profile with respect to y of a pinching motion where no slip occurs
is comparable to a linearly increasing function.
b) The occurrence of slip leads to a corresponding drop in the force-y profile.
The drop in general has three stages; in stage one the force begins to deviate
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from the linear relationship of statement 1), stage two the force begins to
drop rapidly, and stage three, the force begins to increase again to recover
its former linear relationship.
c) A ratio exists between the force at slip and the applied normal force. This
ratio, referred to as the coefficient-of-friction, correlates to a log-logistic prob-
ability distribution with a strongly defined mean.
d) The stiffness of the sample with respect to depth increases quadratically from
the origin. The stiffness is considered to be the gradient of a linear region -
i.e. a region of the force-y profile where no slip is occurring.
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Figure 4.3: Experimental Test apparatus for robot pinching experiment
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Figure 4.4: Force-y profile of Skin Pinch task at 8mm (dashed), 11mm (gray) and
14mm (black) depth for a) Sample A, b) Sample B, and c) Sample C.
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Figure 4.5: Illustrative diagram of the Force characteristics.
Figure 4.6: Stiffness relative to sample depth.
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Figure 4.7: Probability distribution of the coefficient of friction.
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Chapter 5
Robust Fuzzy-Sliding Mode
Control
Grasping a soft or fragile object requires the use of minimum contact force to
prevent damage or deformation. Without precise knowledge of object parameters,
real-time feedback control must be used with a suitable slip sensor to regulate the
contact force and prevent slip. Furthermore, the controller must be designed to
have good performance characteristics to rapidly modulate the fingertip contact
force in response to a slip event. The problem of designing such a controller is
referred to as the soft-grasping problem. An example of the soft-grasping problem
was outlined in the previous chapter in the form of a skin pinching task. However,
the concept of soft-grasping extends more broadly to soft-tissue manipulation in
general.
In this chapter, a fuzzy sliding mode controller combined with a disturbance
observer is proposed for contact force control and slip prevention in soft grasp-
ing. By addressing the wider soft-grasping problem rather, than more specific skin
pinching or tissue manipulation tasks, a general solution is formulated with wider
application to the control field, and producing a more definitive contribution. The
controller is based on a system model that is suitable for a wide class of robotic
gripper configurations. The robustness of the controller is evaluated through both
simulation and experiment. The control scheme was found to be effective and ro-
bust to parameter uncertainty. When tested on a real system, however, chattering
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phenomena, well known to sliding mode research, was induced by the unmodelled
suboptimal components of the system (filtering, backlash, and time delays), and
the controller performance was reduced. The derivation of the controller and sim-
ulated and experimental results have been previously published by the author in
[138] and [139].
5.1 Soft-Grasping Problem
The soft-grasping problem requires a gripper to exert minimum contact force to
maintain a static grasp with an object in optimal time and with minimal over-
shoot. If the precise characteristics of the gripper and object are known, e.g.
weight, friction coefficient, etc., the optimal contact force can be calculated. This
is feasible in applications where the object parameters remain consistent; however,
full parametric knowledge is an unrealistic assumption in most circumstances. The
problem of slip prevention when using robotic grippers is twofold: 1) a suitable
robust sensor to provide feedback on object slip; 2) a real-time feedback controller
for optimum contact force for slip prevention. Detecting the slippage of an object
requires a suitable sensor to convert slip into an output signal. Sensors tend to
be structured to detect object motion relative to the sensor (slip rate), vibration
caused by stick slip, or vibration caused by partial slip (incipient slip). Partial slip
is a particularly useful measure as it can be detected when the velocity of the ob-
ject relative to the gripper is zero [140, 141, 142, 143, 144]. However, these sensors
tend to be quite complex and require an uneven pressure distribution across the
sensor, which may be suboptimal for gripping irregular-shaped objects. Object
motion [145, 146] and stick slip vibration [147, 148, 149, 150] require relatively
simple and inexpensive sensors. The simplest form of these sensors is based on the
rolling contact principle [145, 146] where slip induces some measurable rotation in
the sensor. These sensors use uncomplicated designs and can be assembled from
off-the-shelf components. The stick slip vibration sensor can be used for both de-
tecting the occurrence of slip and also, through the design of a suitable observer
or algorithm, determine the object slip rate. A controller with slip rate and/or
slip displacement as state variables is compatible with a wide range of slip sensors.
Therefore, the development of a contact force controller need not be sensor specific.
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However, vibration is also dependent on surface conditions and the robustness of
the observer or algorithm to variation in this parameter must be considered.
Three different control strategies have been applied to the real-time soft-grasping
problem: 1) Direct and linear-feedback control, 2) force-ratio control, and 3) fuzzy-
logic-based control. Direct and linear feedback controllers use the slip signal to
directly control grasp force. The most basic example of this type of control is simple
on-off control, where the detection of slip triggers an event such as close gripper
command [150, 151]. Linear feedback controllers have also been used and have
shown an improvement over simple on-off approaches. Engeberg and Meek [152]
used proportional and proportional-derivative (PD) controllers to regulate shear
force magnitude detected by strain gauges in a robotic hand. The scheme was
further refined by a logic-based adaptive mechanism that increases the controller
gain when a slip event is detected. Kyberd et al. [147] and Kyberd and Chappell
[153] used a form of integral controller to control grasp force in a prosthetic hand.
This method is based on the slip rate, inferred from the rate of pulses produced by
a microphone-based slip sensor. The incremental count of the pulses is then used
to define a grasp force demand signal. The difficulty with using linear-feedback
controllers in the control of slip is that their gains are largely derived arbitrarily,
and their robustness to parameter variations is unknown. Consequently, the con-
troller gains would have to be re-tuned when the object or environment differed
substantially from laboratory conditions.
Force ratio control uses knowledge of shear force and the controlled contact
force (normal force) to maintain a constant ratio between the two - equivalent to
the coefficient of friction. The ratio is specific to the object-gripper interface, and
some means of approximation is required. A partial slip sensor is particularly useful
for this as it is able to detect the onset of slip, without movement of the grasped
object. For example, Maekawa et al. [154] used this approach in a two-fingered
gripper to augment a demand signal received from an open loop high-level grasp
approximation scheme. Similarly, Koda and Maeno [144] used the same approach
to modify a demand signal imposed by a human operator in a master-slave system.
Force ratio control, however, requires a sensor that is able to measure both contact
force, shear force, and some characteristic of slip. The incorporation of additional
sensory requirements in the limited fingertip envelope is technically demanding.
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Fuzzy-logic controllers are a popular example of a model-free approach to un-
certain or non-linear control problems. They are appealing in this application as
they replace a model with a heuristic rule set, circumventing the need for knowl-
edge of the object properties such as mass and friction. Shang et al. [148] designed
a fuzzy-logic controller (FLC) for use with outputs of a photoelastic slip sensor in
a robotic gripper. In Dubey et al. [149], a gripper with an FLC and photoelas-
tic slip sensor was used to find the optimal grasp force. The FLC was combined
antagonistically with a relaxation function which incrementally decreased the de-
mand signal to optimize the contact force around the point of slip. Glossas and
Aspragathos [155] designed an FLC using a rule set derived empirically from hu-
man responses. The FLC design was shown through simulation to be superior to
an empirically tuned proportional-integral-derivative controller.
Where a model cannot be easily developed, an FLC may be employed as an
alternative control solution. The ability to use heuristic rules is appealing in
robotic grasping. We can use heuristic rules to encode results from neurophysiol-
ogy, producing controllers that emulate ’as a human thinks’ glossas2001. However,
FLCs are not optimum solutions, but rather good enough alternatives [156]. The
membership functions must be defined arbitrarily, yielding suboptimal controller
outputs, and the lack of a model makes it difficult to assess their robustness to
differing circumstances. This problem was partially solved by Dominguez-Lopez et
al. [145] who proposed a neuro-fuzzy logic controller capable of re-tuning online.
However, this scheme still required the use of training data.
A sliding mode controller with a fuzzy sliding surface referred to herein as a
fuzzy sliding mode controller - suitable for a wide class of gripper configurations is
designed for contact force control and slip prevention. Sliding mode control is an
effective technique for rapid dynamic response of control systems with bounded
parameter uncertainty and external disturbances [157]. It has proven useful in
the analogous task of regulating a constant smooth slip rate despite the existence
of stick slip [158]. By using a fuzzy sliding surface and disturbance observer,
performance can be enhanced in the face of unmatched uncertainty, i.e. uncertainty
outside of the input channel. In the remainder of this chapter, the control strategy
is designed and explained based on a model of a generic gripper. The controller
properties and performance are explored in through simulation of a robotic gripper
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with realistic constraints such as time delays and backlash. Issues relating to the
practical implementation of the scheme are also discussed using results from an
experimental test rig.
5.2 Controller Synthesis
The control strategy for the gripper is shown in figure 5.1. It consists of a distur-
bance observer which estimates the optimum gripper position to grasp the object
without slip. The output of the observer forms the reference demand signal for
a fuzzy sliding mode controller (FSMC) that uses linear state-feedback variables,
i.e. slip-rate x˙(t) and slip x(t), and angular states-feedback variables, i.e. gripper
position θ(t), and gripper velocity θ˙(t). The sliding mode control law drives the
system state trajectories onto a predefined sliding surface using a relay. When the
state trajectories are in contact with the sliding surface a so-called sliding motion
along the sliding surface occurs. The sliding surface is designed so that, when in
sliding motion, the system exhibits ideal dynamic characteristics and is invariant
to matched uncertainty. In order to improve robustness to unmatched uncertainty,
the sliding plane is partially estimated using a Takagi-Sugeno fuzzy logic system
(FLS). The FLS uses a heuristic rule set to evaluate fuzzified slip x(t) and slip rate
x˙(t) variables and derives an approximate sliding plane vector. As the slip and
slip rate increase, the FLC makes the sliding plane more sensitive to occurrences
of slipping.
The gripper fingertip motion when the finger is in contact with the object is
modelled by,
Jeθ¨(t) = τ −Deθ˙(t)− ηKδl(t) + fm(τ, t) (5.1)
where K is the combined object and fingertip stiffness, De is the effective damping
of the mechanism, Je the effective inertia of the mechanism, n is a load transmis-
sion constant, and τ(t) is the motor torque. δl(t) is the linear deflection of the
compliant elements of the gripper and object. As it is assumed to be small, it can
be approximated from the gripper finger angle,
δl(t) = L (θ(t)− θ0) (5.2)
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Figure 5.1: Control System
where θ is the gripper-finger angle from fully open position (i.e. θ ≈ 0 when the
gripper is fully open), θ0 is the gripper-finger angle at initial contact with the
object, and L is the length from the gripper axis to the point of contact. It can be
easily shown that 5.1 applies to a broad range of gripper types. The additional term
fm(τ, t) represents system uncertainties, such as plant-model parameter mismatch,
and unmodelled dynamics or disturbances.
As discussed, slip and slip rate can be directly detected or inferred by a large
number of sensors. Thus, the choice of state-feedback variables and the system
equation for the gripper can be applied to a broad set of gripper-sensor configu-
rations. The free-body diagram for the grasped object is shown in figure 5.2. For
convenience, the coefficient of friction µ(x˙) is linearized about the static friction
coefficient so that µ(x˙) = µS + ∆µ(x˙). Then, using this assumption, object slip
rate x˙(t) is governed by,
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x¨(t) = − Ds
Mobj
x˙(t)− µS
Mobj
Kδl(t) + Ψ(x˙(t), θ(t))) (5.3)
where Mobj is the grasped object mass, Ds is the viscous coefficient at the site of
contact between the object and the gripper, δl is the linear deflection of the com-
pliant elements of the gripper and object and is approximated by 5.2. Ψ(x˙(t), θ(t))
is given by,
Ψ(x˙(t), θ(t)) = x¨g(t) + αg − 1
Mobj
Kδl(t)∆µ(x˙) + fs(x˙, θ(t)) (5.4)
where x¨g(t) is gripper acceleration, and α is a factor between zero and one. It is
the cosine angle between the direction of the slip of the object relative to the ver-
tical. Ψ(x˙(t), θ(t)) is an uncertainty term that includes the changes in the friction
coefficient, gripper acceleration, direction of gravity parameter α, and the function
fs(x˙, θ(t)) represents model-plant parameter mismatch, or unmodelled dynamics
and disturbances. In certain circumstances, gravitational force and acceleration
of the object may be measured using sensors or estimated from a robot trajec-
tory controller. However, this is not always practical and in order to apply the
controller to a wide class of grippers, these variables will be considered unknown.
For controller synthesis, it is assumed that both uncertainty terms fm(τ, t) and
Ψ(x˙(t), θ(t)) are finite and subject to the conditions,
‖fm(τ, t)‖ ≤ f¯(t)
‖Ψ(x˙(t), θ(t))‖ ≤ Ψ¯(t)
where f¯(t) and Ψ¯(t) are bounds on the uncertainty, and must be chosen according
to the likely operating environment of the gripper.
5.3 Disturbance observer
A disturbance observer is used to find a suitable reference demand signal that
can compensate for the unmatched system uncertainty. Using 5.3 the following
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Figure 5.2: Robotic gripper grasping an object
algorithm is proposed to produce an estimate of the uncertainty term Ψˆ(t),
Ψˆ(t) = x¨(t) +
Ds
Mobj
x˙(t) +
µS
Mobj
KL (θ(t)− θ0) (5.5)
In the steady state, i.e. where no slip is occurring and the gripper is at rest in its
optimum position, the uncertainty term in equation 5.4 can be written as
Ψ(x˙(t), θ(t)) =
µS
Mobj
KL(θd − θ0) (5.6)
where θd is the optimum gripper rest position and thus is the desired reference
position. From this result, the disturbance observer is reconfigured to produce an
estimate of the optimum gripper position θd that cancels the unmatched uncer-
tainty. Thus, the following disturbance observer is proposed,
z˙ = Fz + Eq
z = θˆd − θ0
q =
Mobj
µSKL
(
x¨(t) +
Ds
Mobj
x˙(t) +
µS
Mobj
KL (θ(t)− θ0)
)
where F,E are system parameter matrices for a recursive low-pass filter that re-
moves high-frequency measurement noise and disturbances and z its internal vari-
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able. For the convergence of the observer the filter parameters should be chosen
such that F < 0, E > 0.
5.3.1 Sliding mode controller
The controller is designed according to the sliding mode controller methodology
proposed in Edwards and Spurgeon [157]. Choosing partitioned state variable x =[
x1 x2
]T
=
[
x˙(t) θ(t)− θ0 θ˙(t)
]T
input variable u(t) = τ(t), unmatched
uncertainty vector fu(t) =
[
Ψ(x˙(t), θ(t)) 0
]T
and matched uncertainty fm(t),
5.1 and 5.3 can be put in the form,
x˙1 = A11x1 + A12x2 + fu(t) (5.7)
x˙2 = A21x1 + A22x2 +B2u(t) + fm(t) (5.8)
where
A =
[
A11 A12
A21 A22
]
=

− Ds
Mobj
− µSK
Mobj
0
0 0 1
0 −ηK
Je
−De
Je
 , B =
[
0
B2
]
=
[
0
1/Je
]
Introducing an error-state vector e =
[
e1 e2
]T
,
e1 = x1 −
[
0 θ(t)− θ˙d
]T
e2 = θ˙(t)
Defining a switching function as σ(t) =
[
S11 S22
]
e1 + S2e2 and a sliding mani-
fold σ = 0. Using the switching function, the first derivative with respect to time
of the switching function, 5.7, and 5.8, it can be shown that,
e˙1 = A¯11e1 + A12S
−
2 1σ(t) + fu(t) (5.9)
σ˙(t) = S2A¯21e1 + S2A¯22S
−1
2 σ(t) + S2B2u(t) + S2fm(t) + S1fu(t) (5.10)
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where A¯11 = A11 − A12S−12 S1, A¯21 = s−12 S1A¯11 + A21 − A22S−12 S1, and A¯22 =
S−12 S1A12 +A22. A sliding mode controller of the form, u(t) = uL(x(t)) +uN(σ(t))
is introduced, where the linear component uL and discontinuous component uN
are,
uL(x(t)) = −(SB)−1(SA− ΦS)e(t) (5.11)
uN(σ(t)) = −ρ(SB)−1sgn(σ(t)) (5.12)
where ρ is the discontinuity gain and Φ is the linear rate of decay onto the sliding
surface. Choosing a Lyapunov candidate as V = σ(t)2/2. By substitution of 5.9
and the sliding mode controller u(t), the derivative of the Lyapunov candidate
becomes,
V˙ = σ(t)σ˙(t)
V˙ = σ(t) (Φσ(t)− ρsgn(σ(t)) + S1fu(t) + S2fm(t))
If the design variables are chosen such that the conditions Φ < 0 and ρ >
‖S1fu(t) + S2fm(t)‖ are always true, then the derivative of Lyapunov candidate
satisfies V˙ < 0. Thus, the system will converge with the sliding plane in finite
time. The signum function can induce chattering into the system. A preferred
choice is to use the boundary layer method [159],
uN(σ(t)) = −ρ(SB)−1sat
(
σ(t)
φ
)
sat(ξ) =
{
ξ if |ξ| < 1
sgn(ξ) otherwise
(5.13)
where φ is the boundary chosen to minimize chattering around the sliding plane.
When the state trajectory moves along the sliding plane, the system is said to be in
sliding motion, and becomes a reduced-order system with the switching function
σ = 0. From 5.9, it is clear that the state trajectory during sliding motion is
governed by,
e˙1 = A¯11e1 + fu(t) (5.14)
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The sliding surface vector is designed such that the nominal system in 5.14 gives
desired performance in the face of the unmatched uncertainty.
5.3.2 Fuzzy Sliding Surface
Sliding mode controllers have the useful property of invariance to matched un-
certainty during sliding motion. However, unmatched uncertainty continues to
be a problem. In 5.14 the uncertainty term contributes to the system dynamics
that govern the sliding motion. The disturbance observer is used to counteract
the effects of unmatched uncertainty by estimating the ideal gripper rest position.
However, the disturbance observer requires low-pass filtering and is subject to pa-
rameter model-plant mismatch. This means that the observer estimate takes time
to converge, and its optimum performance is not guaranteed. It is important,
therefore, that the sliding surface exhibits robustness to the unmatched uncer-
tainty during this convergence time. This is the principle purpose of the fuzzy
sliding mode: to move the sliding surface in order to achieve maximum robustness
to unmatched uncertainty during convergence time of the disturbance observer.
This is particularly important because the performance of the disturbance ob-
server is sensitive to parameter model-plant mismatch, and thus the convergence
time is not necessarily known or necessarily short. In this section, a sliding mode
controller with a fuzzy sliding plane is proposed which uses slip and slip rate as
input variables.
The sliding surface vector S =
[
S1 S2
]
is redefined as a fuzzy surface vector
S˜. A Takegi-Sugeno fuzzy logic system is used to determine the fuzzy surface
vector. The fuzzy-logic system is briefly described in this section. A more detailed
description can be found in [160, 161, 162]. The fuzzy system is defined by a rule
set consisting of n rules, each of the form,
Rule [i] : if x(t) is A¯j and x˙(t) is B¯k then S¯ is S¯l
for j = 1, 2, . . . , c k = 1, 2, . . . , c l = 1, 2, . . . , c (5.15)
where A¯j and B¯k are fuzzy sets which span some part of the universe of discourse
and S¯l is the consequent or, in this case, the approximated sliding vector.
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Table 5.1: Fuzzy associative memory bank
Slip-rate
Low B˜low Medium B˜med High B˜high
S
li
p
Low A˜low S˜low S˜low S˜med
Medium A˜med S˜low S˜med S˜high
High A˜high S˜med S˜high S˜high
Define µA¯i(x(t)) ∈ [0, 1] and µB¯i(x˙(t)) ∈ [0, 1] as membership functions which
represent the degree of membership of x(t) to A¯j and x˙(t) to B¯k respectively.
Using the weighted average method, the fuzzy system output, i.e. the fuzzy sliding
surface vector, is given by,
S¯ =
∑n
i=1 S¯iµA¯i(x(t))µB¯i(x(t))∑n
i=1 µA¯i(x(t))µB¯i(x(t))
(5.16)
Three fuzzy sets chosen to span the universe of discourse of the slip input are
A¯low, A¯med, and A¯high, and the fuzzy sets chosen for the slip-rate input are B¯low,
B¯med, and B¯high. The membership functions are chosen to be triangular-shaped
functions. Similarly, three output sliding surface vectors are assigned to the fuzzy
system output, S¯low, S¯med, and A¯high. The rule set of the fuzzy system is shown
in the fuzzy associative memory (Table 1).
The tuning of FLCs, i.e. the shape of the membership functions and the choice
of output vector, is a challenging problem and is the subject of ongoing research.
Where a priori data or training data sets are available, optimization methods, for
example genetic algorithms [163, 164], can be used to empirically determine the
parameters of the FLC. Alternatively, FLCs can be tuned using common sense
experience and trial and error. Although this approach restricts practically the
allowable complexity of the fuzzy controller, it is the most simple method, and
occasionally the most effective. This approach is taken in this chapter. The model
derived at the beginning of section 2 is used to determine the effects of different
choices of the fuzzy-logic parameters. Thus, the outcome for any specific choice of
variables can be assessed prior to experimental implementation.
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5.4 Simulation
To demonstrate the efficacy of the proposed control scheme, a gripper was simu-
lated picking up an unknown object. The system was implemented in the Simulink
environment using modified 5.3 and 5.4, and 5.1 with: added backlash to define
the gripper-finger motion, and a 0.1ms delay at the controller output. The mod-
ified 5.3 and 5.4, uses a non-linear continuous model for friction, to define object
motion. The object was assumed to be constrained from rotation in all directions.
The friction term is governed by the Lugre friction model [165]; which is a contin-
uous friction model that is able to describe effects such as stick slip and Stribeck
effect while remaining simple to implement. The model assumes that friction arises
from two contacting surfaces via asperities that have properties equivalent to elas-
tic bristles. The average deflection of these bristles is given by an internal state z
described by the dynamic system,
z˙ = x˙− |x˙| z
g(x˙)
(5.17)
where z˙ is the rate of change of z with respect to time and x˙ is relative velocity
between the contacting surfaces. The function g(x˙) is defined as,
σ0 = g(x˙) = Fc + (Fs − Fc)−x˙/v
2
s (5.18)
where Fc and Fs are respectively coulomb and static friction, vs is the stribeck
velocity, and σ0 is a constant. Friction force f is a function of z and x˙ and is given
by:
f = σ0z + σ1z˙ + σ2x˙ (5.19)
where σ1 and σ2 are constants. The first two terms of the above equation represent
the friction caused by the bristles whereas the third term describes the viscous
friction, hence is a function of relative velocity. The Lugre parameters were chosen
to be the same as those proposed in Canudas de Wit et al. [165]. All model
parameters are shown in table 5.2.
The control scheme was investigated by simulating the gripper catching objects
with different mass, stiffness, and coefficient of friction properties. Initially, the
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Table 5.2: Model parameters
Parameter Value
Mobj 0.3 Kg
µs 0.8
µd 0.6
Lugre Parameters 1× 105 N/m, 1× 102 N-sec/m,
σ0, σ1, σ2 and Vs 1 N-sec/m and 0.001 m/sec
J 0.05 Kg-m
D 1 N-sec/m
K 5000 N/m
Ds 1 N-sec/m
n 2× 10−6
L 0.1 m
Backlash 1.2× 10−3 rads
gripper has a contact force of 0.5N on the object which is held stationary. The
object is then dropped. For performance comparison, a PD controller and FSMC
were tuned to give less than 0.01m slip for the nominal parameters in table 5.2.
Both linear-feedback and FLCs have shown good results when applied to the soft-
grasping problem and are adaptable to a wide range of sensor types. The general
performance of an FLC, however, is difficult to gauge as it is dependent on tuning
multiple degrees of freedom. Therefore, a linear feedback controller was chosen
for performance comparison with the sliding mode approach. In this case, the PD
controller is the most applicable of the linear control methodologies described in
the Introduction to the present problem.
The sliding mode controller was tuned using the model in equations 5.1 to 5.4,
the method described in section 5.3.1, and the parameters in 5.2. The tuning
parameter ρ was chosen to be large to guarantee system stability and reachability
of the system for large uncertainty. The remaining parameters (Φ, φ) of the sliding
mode controller are tuned by trial and error to give less than 0.01m slip. The fuzzy
logic component was chosen by varying the parameters in table 5.2, and observing
the sliding surface parameters required to give a similar resultant sliding motion
system, that conformed to the design specification of less than 0.01m slip. It was
found that the position gain in the sliding vector (i.e. the component S12 that
multiplies by the gripper angular-position θ(t) in the switching function) changed
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Table 5.3: Control Laws
Controller Control Law
Fuzzy Sliding Mode ul = 8x˙(t)− 1000
(
θ(t)− θˆd(t)
)
− 150θ˙(t)
Control un = −50sat (σ(t))
σ(t) = S˜x˙(t) + 300
(
θ(t)− θˆd(t)
)
+ θ˙(t)
Proportional + Derivative u = −0.7x˙(t)− 0.08x¨(t)
little in response to changes in the choice of parameters. Therefore, only the slip
rate gain component of the sliding vector was estimated by the FLS. Similarly,
adjustments to the linear component of the control (uL(x(t))) due to variation of
the sliding surface are ignored as it can be classed as matched uncertainty.
The control laws for the system are shown in table 5.4.2 and the fuzzy con-
troller output surface in figure 5.3. Triangular fuzzy surfaces are chosen because of
their simplicity. No investigation of different membership functions is performed.
Although the choice of control law parameters gives similar resultant slip, the
peak contact force for the PD controller, identified by the peak gripper position
is greater. The change from slip state to static state by the system is abrupt due
to the discontinuity inherent in friction. Consequently, the effective damping of
the PD controller after slip is minimal and overshoot results. The PD controller
requires a relatively high derivative gain to match the switching of the FSMC.
Figure 5.3: Fuzzy system rule surfaces for simulation and expiremental results (see
5.4.2)
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5.4.1 Results and Discussion
The controllers were investigated for their sensitivity to matched uncertainty. The
gripper inertia parameter was changed in the simulation from its nominal value
to J = 0.1 to simulate model-plant mismatch. The PD and FSM controller pa-
rameters are kept the same. The results are shown in figure 5.4 for both the PD
controller and the FSMC. The FSMC shows no significant change in performance
in either the gripper position response or the resultant slip and is clearly insensi-
tive to changes in this property. However, the PD controller shows a significant
difference in performance; having an increased contact force and slip relative to
the nominal system.
Similar results are obtained by varying other parameters to induce matched un-
certainty. The quality of FSMC invariance was reduced when the size of the back-
lash and time delay were increased shown in figure 5.5. Although the FSMC posi-
tion performance was similar, the increased chatter increased slightly the amount
of slip that occurred. Chatter is extremely undesirable as it has an adverse and
potentially damaging effect on the system components. The results confirm the
analysis of Lee and Utkin [166], where chatter was shown analytically to be induced
by unmodelled parasitic dynamics that exist in any real system. The chatter can
be reduced by changing the boundary layer function w in the control 5.13 shown
in figure 5.6. Chattering is reduced as the controller is less sensitive to minor devi-
ations of the state trajectories within a neighbourhood around the sliding surface.
However, this insensitivity also results in steady-state error, and a loss of invari-
ance due to the continuous control action used while the itinerant state trajectory
reaches the boundary of the neighbourhood.
The object parameters were varied to induce unmatched uncertainty in the
system. The controller position and slip response for the nominal parameters and
the parameters of a smoother, heavier object (i.e. increased Mobj and decreased
frictional coefficients) are shown in figure 5.7. The FSMC shows an improved per-
formance; having both a reduced peak position and lower resultant object slip.
The fuzzy-logic element of the sliding function changes the sliding plane charac-
teristics as a result of the greater slip and slip rate. Thus, in the reduced-order
system of 5.14 the slip rate becomes more responsive to this state variable. The
109
Figure 5.4: Gripper position and Object Slip for FSM and PD controllers using
J=0.05 (black) and J=0.1 (light grey)
result is a decrease in slip for the heavy smooth object. In this respect, the FLS is
a gain scheduling mechanism, and the performance in this test is dependent on the
tuning of the input and output membership functions. Subsequent improvement
in performance can be obtained by increasing slope of the fuzzy logic output sur-
face. In addition, further improvements can be obtained by reducing the settling
time of the disturbance observer. As shown in figure 5.8, the change in system
parameters adversely affects the settling. The effect of slow settling time on the
system response is partly alleviated by the robustness of the fuzzy sliding mode,
however, it is clear that the overall performance of the control algorithm can be
improved by increasing the robustness of the disturbance observer.
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Figure 5.5: Gripper position and object slip for FSMC using 1.2 × 10−3 rads
backlash and 0.1 ms time-delay (black), and 2.4 × 10−3 rads backlash and 1 ms
time-delay (light grey)
5.4.2 Experimental Results
Issues related to the practical implementation of the proposed control scheme were
investigated using the experimental test rig in figure 5.9. The rig was designed
to assess the control algorithms ability to reduce slip. The apparatus consists of
a 3000:1 worm-geared rotary arm of 0.1m length, driven by a 12 V DC motor,
and a carriage on a set of linear rails. An elastomer strip is fixed to the carriage
surface. A spring is used to pre-load the arm and eliminate the system backlash.
The carriage position is measured by a linear potentiometer with an output of
0.13 V/mm. The tip displacement of the rotary arm is measured by a rotary
encoder which gives an approximate resolution at the tip of the arm of 3.1461025
mm/count. The carriage is attached to a mass via a nylon cable and pulley system.
The controller is implemented using a PC programmed in C++. The output of the
rotary encoder is acquired using a custom quadrature encoder reader and analogue
signals are acquired using a PC30AT 12-bit data acquisition card sampling at
1000Hz. The effective maximum quantization error is 0.04mm. The encoder and
position sensor inputs are digitally filtered and differentiated using second-order
discrete recursive filters and Euler’s method respectively. It is held stationary and
the arm moved into contact with the elastomer layer. The carriage is then released.
The output of the fuzzy sliding mode control law in table is scaled for the exper-
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Figure 5.6: Gripper position and object slip with 2.4 × 10−3 rads backlash and 1
ms time-delay using φ = 1 (light grey) and φ = 10 (black)
imental test rig so that torque is generated proportional to the motor voltage. The
error resulting from this assumption is a form of parametric matched uncertainty
and covered by the controllers invariance properties. The discontinuous injection
ρ gain is adjusted, such that the motor is just below saturation when the injection
term ρsat(σ/φ) is at maximum. Similarly, the boundary constant φ from 5.13 is
adjusted to minimize chattering in the system. Finally, the fuzzy rule surface is
retuned by changing the position of the membership functions on the universe of
discourse for each input variable. The output variables are not retuned. The new
fuzzy decision surface is shown in figure 5.3(b).
The system’s typical response when the carriage is released with a 0.3 kg mass
is shown in figure 5.10 for different boundary layer constants φ. As expected the
choice of a lower boundary layer constant leads to considerable chattering in the
arm position, while increasing the boundary layer constant removes the chattering,
but slows the response of the system. As previously discussed, while the system
states are within the boundary layer, the control law is effectively a continuous
controller (i.e. u = −ρσ(t)/φ). As a result, the full influence of the switching
function is delayed and some invariance lost.
To assess the robustness of the control system the experimental parameters
were changed significantly to induce unmatched uncertainty; the mass was in-
creased to 0.5 kg and the elastomer layer was covered in a tape to produce a
smooth surface. The test was repeated using ρ = 0.25 as the boundary layer. The
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Figure 5.7: Gripper position and object slip for FSM controller (light grey) and
PD controller (black) using varying object properties
position and slip response are shown in figure 5.11. Chattering is evident as in
the previous experiment; this leads to slipping in the system as a result oscillatory
contact force.
The FLS changes the sliding vector gain, in response to high slip x(t) and slip
rate x˙(t), in order to make the system more sensitive to slip by reconfiguring the
reduced-order system. The output gain of the fuzzy system is shown in figure
5.12(a). A negative feature is a large peak force which is induced by the transient
high gain.
The controller performance is inhibited by the increased settling time of the
disturbance observer as a result of changes in the experimental parameters. The
position demand profiles in figure 5.12(b) show that the sensitivity of the distur-
bance observer performance to parametric changes, i.e. 0.3 kg with high friction
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Figure 5.8: Disturbance observer output for nominal object (Mobj = 0.3Kg, µs =
0.8, µd = 0.6) (black), and smoother heavier object (Mobj = 1Kg, µs = 0.4,
µd = 0.2) (light grey).
and 0.5 kg with low friction, is significant to the robustness of the control scheme.
The reachability condition must be satisfied by an appropriate choice of dis-
continuous gain (ρ in 5.11). However, it can be shown that increasing the gain
term increases chatter in the system [166]. Furthermore, the actuator saturation
voltage is a practical limit on the gain term. In this case, during the initial slipping
phase the actuator was saturated for a short duration of time in an attempt to
drive the system back to the sliding surface. Although in this case the system was
still able to drive the state trajectory back to the sliding surface, it is evident that
in any real system global reachability is unachievable.
5.5 Skin Pinching and the Soft Grasping Prob-
lem
Thus far in this chapter, a solution to the soft grasping problem has been explored
in its broadest sense, without specific reference to the skin pinching problem out-
lined in the previous chapter. However, by attempting to resolve the more general
soft grasping problem, the more specific skin pinching problem has been indirectly
addressed. This is because the skin pinching task is an example of a type of soft
grasping problem.
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Figure 5.9: Experimental Test Rig
The relationship between the two problems is clearly illustrated by figure 5.13
and figure 5.14. Figure 5.13 shows a planar model of the skin pinching task.
The validity of this model will be proven shortly. Forces acting at the tweezer
tip are modelled by springs acting in the vertical and horizontal direction. The
tweezer tip is in contact with the skin surface generating a friction force. Provided
that the friction is sufficiently high, the tweezer tip and point on the skin surface
will remain static relative to one another and no slip (represented here as in out
controller by the term x) will occur. The objective is to apply the minimum force
to prevent slip. This is in contrast to the soft-grasping model shown in figure
5.14. As in the skin-pinching model, force acting on the gripper tip is generated
in the vertical direction by a spring, and friction by the contact between gripper
tip with the object surface. However, gravity the supplies the remaining force in
the horizontal direction instead of a second spring. The skin pinching model can
be obtained directly from the soft-grasping model by replacing the constant step
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Figure 5.10: Typical gripper position and carriage slip for boundary layer φ = 1
(black) and φ = 0.1 (light grey)
Figure 5.11: Gripper position and carriage slip for low friction surface and 0.5Kg
mass
force of gravity by a force proportional to horizontal displacement. Furthermore,
the objectives of both problems are the same; to apply the optimised contact force
to minimise slip.
The model shown in figure 5.13 must be a valid representation of the skin
pinching task for the connection between skin pinching and soft-grasping to hold
true. First the model is constructed in more detail. Figure 5.13 is based on a
simple mass-spring model. For a successful pinch, the two arbitrary points on a
surface Px1 and Px2 must move to new positions P1 and P2 respectively, to draw
the skin close together. For convenience, the model is assumed to be symmetric
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Figure 5.12: Fuzzy system output a) and disturbance observer b) output for high
friction low mass (black) and low friction high mass (light grey)
and only one side will be considered. Thus, the subscripts are removed and P(x1)
and P1 become Px and P respectively. Px is assumed to be equivalent to a mass
attached to a spring with stiffness K. The equation of motion of Px is given by:
mx¨ = F − f (5.20)
where m is the mass and f is the friction force resulting from the contact between
the point Py and the surface of Px. The measured force F , is a function of the
stiffness K and displacement of the spring,
F = K (y − x) (5.21)
where y is the distance of point Py from its initial position, x is defined as the
distance between Px and Py and is intitially zero. Stiffness K is a function of
depth into sample and is described by the quadratic relationship,
K = al2 + bl (5.22)
where a and b are constants and l is the depth into the sample.
The friction is modelled using the Lugre friction model [165]. The Lugre model
is a continuous friction model that is able to describe effects such as stick-slip and
stribeck. It is simple to implement, and is suitable for a state-space approach.
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Figure 5.13: Planar model for skin pinching task
Figure 5.14: Planar model for soft-grasping
The model assumes that friction arises between two contacting surfaces via elastic
bristles. The average deflection of these bristles is given by an internal state z,
described by the dynamic equation,
z˙ = x˙− |x˙| z
g(x˙)
(5.23)
where x˙ is the relative velocity between the contacting surfaces. The function g(x˙
is defined as,
σ0g¯(x˙) = µc + (µs − µc) e(−x˙/vs)2 (5.24)
where µs is the coefficient of static friction, µc the coulomb friction, and R the
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normal force. Friction force f is a function of z and x˙ and is given by,
f = σ0z + σ1z˙ + σ2x˙ (5.25)
where σ1 and σ2 are constants.
The model is simulated in the simulink environment. The simulated measured
force F is shown in figure 5.15. By observation it is clear that the model agrees
with the characteristics described in chapter 4, with the one exception that the
simulated model oscillates about a constant offset whereas the actual data oscillates
about a ramp function (see figure 4.4). This can be attributed to combining both
tweezer legs into a single wheatstone bridge, i.e. the experimental configuration
of the force sensors. If only one leg slips and the other does not, an averaging
effect will make the force appear higher. To clarify, a constant increasing force is
added to the simulated measured force. This is equivalent to one leg slipping while
the other remains in contact. The new result is also shown in figure 5.15. The
simulated results for the model exhibit identical behaviour to the experimental
results in chapter 4.
Figure 5.15: Model for skin pinching (left) and model for skin pinching with addi-
tional non-slipping tweezer leg (right)
An important difference between the skin pinching model and the soft-grasping
model is the availability of the feedback states. The soft-grasping model assumes
that slip can be measured directly. This may not be possible for the skin pinching
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task. Force is an easier state to measure as it requires no sensor apparatus to be
placed in the limited space at the tweezer tip. In the experimental analysis of the
skin pinching task, the tweezers were instrumented with strain gauges to detect
force at the tip causing flexion of the tweezer legs. This arrangement was simple
economical to implement. The controller for the soft-grasping problem can be
adapted to use force as the state-feedback variable. The model, and experimental
results, imply that the derivative of measured force F˙ ≈ cx˙ for constant y˙, where
c is some constant. Thus,
∫ t
0
(F˙ dt). The robustness properties of the soft-grasping
control scheme can compensate for uncertainty in the choice of c. Robustness
is the principle and most important feature of the controller determined in this
chapter. With judicious tuning to only nominal conditions, it can be employed in
the skin pinching and other soft-tissue manipulation tasks where the model and
controller objected have a resemblance to the soft-grasping problem.
5.6 Conclusion
A real-time feedback controller is vital for optimal soft grasping when the object
properties are uncertain. The most prevalent problem in designing such a controller
is the need for a high performance response with high robustness as a result of
large parameter uncertainty. In this chapter, a FSMC combined with disturbance
observer is proposed. The disturbance observer is used to approximate a gripper-
position reference-demand signal that will stably grasp the object. The gripper-
position is controlled by a sliding mode controller which can: .
a) Optimally track the reference-demand signal with invariance to matched un-
certainty;
b) Rapidly respond to occurrences of slip.
A FLS is used to modify the sliding plane to improve the controller response to un-
matched uncertainty; the existence of which is attributed to unknown parameters
of the grasped object. As a generic gripper model is used to design the controller,
and the feedback variables are easily measurable (e.g. slip, slip rate, gripper po-
sition, and gripper velocity), the control scheme is applicable to a wide class of
gripper configurations and thus has considerable value.
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The efficacy of the control scheme was investigated both in simulations and ex-
perimentally. In the simulations, the FSMC was able to significantly outperform a
conventional PD controller when subjected to matched and unmatched uncertainty
induced by parametric changes to the model. Increasing the suboptimal compo-
nents in the simulation, i.e. time delay and backlash, produced chattering in the
gripper position response of the FSMC, which degraded the performance slightly.
The effects of implementing the control scheme on a real system were investigated
using an experimental test rig. The control scheme was able to demonstrate the
rapid performance properties exhibited in the simulations. However, some diffi-
culties were experienced which included; actuator saturation - preventing global
reachability and robustness of the disturbance observer. As in the simulations,
the chattering effect and the deterioration of controller performance were noted.
Chattering is the most persistent problem with this control scheme. It is a
considerable problem with sliding mode control in general, and has hindered the
progress of this control technique in reaching widespread application. A thorough
analysis of the chattering problem, and potential solutions with new results, is
reserved for the next chapter. However, despite the occurence of chattering, the
FSMC with disturbance observer scheme is a valuable solution to soft-grasping
problems, which include skin pinching and other soft-tissue manipulation tasks.
The scheme is proven to be high performance, and robust to a wide and varied
class of parametetric uncertainties and external disturbances in both simulation
and practical experiments.
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Chapter 6
Chatter Suppression for Sliding
Mode Control
Sliding mode control is a simple and powerful technique for the robust control of
uncertain systems. However, despite its theoretical promise, sliding mode control
is not easily applied practically. Real systems using sliding mode controllers have
a tendency to chatter at high frequencies. This was apparent in the last chapter,
where the theoretical high performance and robustness properties of the fuzzy-
sliding mode control scheme were, in a real system, damaged by the occurrence of
chattering at the output. Chattering is caused by un-modelled parasitic dynamics
that exist at the actuator input and sensor output of the plant. New sliding mode
controllers have been developed to suppress this chatter. However, the selection of
parameters for these controllers is not obvious. The effect any particular choice of
parameters has on system performance is unclear and this can make them difficult
to tune to meet a set of performance specification. In this chapter, the work of
the previous chapter on soft-grasping controller is complemented and extended by
an investigation of the chattering problem. Common chatter-suppression sliding
mode control strategies are reviewed, and simple estimation methods for chat-
tering amplitude, settling time, and maximum output bound of the system are
presented. The result is a comprehensive resource for practitioners wishing to di-
rectly apply sliding mode control in real applications. The work in this chapter
has been previously published by the author in [167] and is to be under review
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(see appendix).
6.1 Chattering in Sliding Mode Control
Sliding mode control is a simple control technique that has proven a valuable tool
for the control of systems with uncertainty. It is invariant to matched uncertainty
and disturbances provided that the system is relative degree one with respect to
the output sliding variable. In any real system however, uncertain and un-modeled
parasitic dynamics, such as motor and sensor dynamics, will affect this structure
by raising the relative degree. The change causes the sliding surface to become
unstable, and the system exhibits high frequency, self-sustaining oscillations or
limit cycles about the sliding surface. This effect is referred to as chattering.
The underlying cause of chattering is explained by considering the frequency
response of the system on the complex plane, as shown in figure 6.1. The relay
of the sliding mode controller has a feedback gain of infinity for an instantaneous
moment in time. For all relative degree one, and some relative degree two systems,
the infinite feedback gain does not affect the stability of the system. For any
system where the frequency response crosses the negative real axis of the complex
plane (i.e. relative degree three or more), infinite feedback gain guarantees that
the system will encircle the -1 point. Thus, the system becomes unstable. As the
period of infinite gain is instantaneous and the actual output of the relay bounded,
the instability manifests itself at the output response as a self-sustaining oscillation
i.e. chatter.
Chattering is a well-known phenomenon in sliding mode control. The damage,
inefficiency, and wear that chattering can cause is a severe hindrance to the use of
this control technique in real-world applications. In the previous chapter, chatter-
ing was found to hinder the performance of a control algorithm for soft-grasping.
The otherwise extensive robustness properties of the control scheme were limited
by this effect. The need to resolve chatter in practical sliding mode control has
directed research into chatter-suppression sliding mode methods. These methods
invariably introduce new parameters to the system structure. However, there is
no systematic approach to selection of these parameters. It is important to know
how the choice of these new parameters will change the system behavior, and how
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Figure 6.1: Nyquist plot for relative degree one and relative degree three systems
to tune the parameters to meet a performance specification.
In this chapter, simple, intuitive and practical procedures are proposed for esti-
mating the performance of systems using chatter-suppression sliding mode control
methods. Design conditions for the suppression of chatter using compensators
and observers are proposed, performance estimation procedures for chatter sup-
pression sliding mode controllers are proposed. The purpose of this chapter, and
its contribution, is to create a toolbox of performance estimation techniques that
can be used in the design and tuning of chatter-suppression methods for sliding
mode controllers in real-systems. This work complements the soft-grasping con-
trol scheme proposed in the last chapter, and completes the work in producing a
high-performance, and robust control scheme to address the soft-grasping problem.
6.2 Problem Formulation
Assume an nth-order smooth uncertain dynamical system with a control input u(t).
A sliding mode controller can be designed such that the closed-loop system is stable
and meets desired performance criteria provided that the following conditions are
satisfied: 1) the system is controllable, 2) it has relative degree one with respect
to some output switching function σ(t), and 3) the system uncertainty acts in
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the input channel and has a known bound. To simplify the subsequent analysis,
the system is assumed to be single-input-single-output, nominally linear, time
invariant, and have the state-space form,
z˙(t) = Az(t) +Bu(t) +Df(z, u, t)
σ(t) = Sz(t) (6.1)
where A ∈ Rn×n, B ∈ Rn and z(t) ∈ Rn is the state vector. The term σ(t), is the
output switching function, u(σ, t) the input, and f(z, u, t) is system uncertainty.
The sliding surface is defined by the vector S ∈ R1×n and is determined by the
designer (see [157]). The sliding mode controller has the form,
u(σ, t) = −ρsgn(σ(t)) (6.2)
where ρ is the relay-gain. Provided that f(z, u, t) is bounded, and that ρ is large
enough to dominate the uncertainty, the output switching function will always tend
towards zero, and attain a state of sliding motion. The system in sliding motion
has two useful properties; the order of the system is reduced, and it becomes
invariant to matched uncertainty.
The nominal system in 6.1 is extended to include first order dynamics on the
actuator (input) and sensor (output) side, z˙µSx˙
µA ˙˜u
 =
 A 0 BIn −In 0
0 0 −1

 zx
u˜
+
 00
1
u
σ = Sx (6.3)
where u˜(t) is the actuator state-variable, x(t) ∈ Rn, and µA, µS the respective
time constants. It is assumed that all fast-acting parasitic dynamics present in
any real-system can be adequately approximated by the extended system.
The open-loop system in 6.3 can be redefined as the rth derivative of the output
switching function, i.e.
σ(r) = h(z, x, u˜, t) + g(z, x, u˜, t)u (6.4)
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where h(z, x, u˜, t) and g(z, x, u˜, t) are unknown smooth functions that can be de-
termined from input-output relations, i.e. h(z, x, u˜, t) is the rth derivative when
u = 0, and g(z, x, u˜, t) = (∂/∂u)σ(r). Both functions are assumed to be bounded
by the constants Km, KM , C > 0 such that,
0 < Km <
∂
∂u
σ(r) ≤ KM ,
∣∣σ(r)∣∣
u=0
≤ C
From these bounds, a differential inclusion is derived,
σ(r) ∈ [C,−C] + [KM , Km]u (6.5)
The differential inclusion is used to obtain stability conditions for the sliding mode
controllers.
6.3 Sliding Mode Controllers for Chatter Sup-
pression
The aim of a chatter-suppression controller is to either reduce the amplitude of the
chatter to within some performance specification, or to create a stable equilibrium
solution which the system can converge to. In the latter case, the system behaves
as if it were under-damped, with diminishing oscillations until convergence with the
sliding plane. The controller must, as far as possible, preserve the useful qualities
of the ideal sliding mode system. Three different methods are investigated in this
section: continuous approximations of the switching-relay, and higher order sliding
modes, and additional dynamics.
6.3.1 Continuous Relay Approximations
Chatter can be suppressed by replacing the relay in the feedback-loop with a
smooth continuous relay approximation. However, while chatter is suppressed,
the invariance of the system to uncertainty is reduced, and only asymptotic con-
vergence with the sliding plane can be guaranteed. Using a smooth function means
the applied control effort is a function of the amount of deviation from the sliding
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surface, in contrast to a hard-relay, were the full control effort is applied regardless
of the scale of the deviation. Consequently, continuous sliding mode controllers fail
to reject small perturbations in the way that hard-relay sliding mode controllers
do. Two continuous relay approximation controllers have been used in sliding
mode control:
1) The saturation controller [159]:
u = −ρ(SB)−1sat
(
σ(t)
φ
)
, sat(ξ) =
{
ξ
sgn(ξ)
if |ξ| < 1
otherwise
(6.6)
where φ is the chosen boundary-limit about the switching surface. The stability
is guaranteed for any σ outside the boundary layer (σ ≥ δ) if ρ > C/Km , and
within the boundary layer σ < δ. Thus, the switching-state trajectory does not
attain sliding motion along the sliding surface but within a small region around
the surface, introducing a steady-state error.
2) The sigmoidal controller [168, 169, 157]:
u = −ρ σ|σ|+ δ (6.7)
where δ > 0 is a small design constant. The stability condition and steady-state
error are respectively,
ρ > C (1 + δ/σ)Km ⇒ |σ| > δ/ ((Kmρ/C)− 1)
6.3.2 Higher order Sliding Modes
The standard sliding mode controller assumes the system with the output switch-
ing function as an output has relative degree one. Higher order sliding modes
allow this condition to be relaxed. For simplicity, the following discussion will be
reserved to sliding mode controllers designed for systems with relative degree two
- referred to as 2-sliding mode controllers.
The most interesting feature of 2-sliding mode controllers, from the perspective
of this work, is their chatter suppression properties. If properly tuned, they can
be used to totally suppress chatter in a controlled system without compromising
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tracking accuracy or invariance. Three of the most commonly used higher order
sliding mode controllers are described in this section:
1) The twisting controller [170]:
u = − (r1sgn(σ) + r2sgn(σ˙)) (6.8)
where r1 and r2 are design parameters. The controlled system is stable if 0 < r2 <
r1 and
(r1 + r2)Km − C > KM (r1 − r2) + C, (r1 − r2)Km > C
2) The homogenous controller [171, 172]:
u = −r1sgn
(
σ˙ + r2 |σ|1/2 sgn(σ)
)
(6.9)
and the stability condition is r1Km − C > r22/2.
3) The generalized sub-optimal controller [173]:
u = −r1sgn (σ − r2σM) (6.10)
where σM is the last extremal value of the sliding variable. The advantage of this
controller is that no intermediate differentiator is required to calculate σ˙, and so
the algorithm is simpler and less susceptible to noise than the other 2-sliding mode
controllers. The stability conditions are,
r1 > C/Km, r2 >
2C + (1− β)KMr1
(1 + β)Kmr2
6.3.3 Chatter Suppression using Additonal Dynamics
The frequency response of a sliding mode controlled system can be augmented by
introducing additional dynamics in the feedback-loop. Re-shaping the frequency
response can reduce the amplitude and in certain circumstances, the frequency re-
sponse can be reshaped sufficiently to remove limit-cycles as a stable equilibrium
solution altogether. In general, two methods are discussed which have been used
to supply additional dynamics to the system equation; the first is a dynamic com-
pensator at the output of the plant, the second is an asymptotic observer which
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replaces the sliding variable at the input to the controller:
1) A Dynamic Compensator can be added to the sliding surface to shape the
frequency response of the open-loop system to attenuate the chattering frequency
[174, 175, 176]. For instance the chattering frequency, obtained experimentally
or predicted using the describing function method, can be used to parameterize a
lead-lag compensator. Alternatively, a compensator can be designed to cancel the
affects of the fast acting component of the system on the output variable. The
sliding output variable is augmented with a compensator term,
σc = σ − Scxc (6.11)
where Sc ∈ Rn+1, xc(t) ∈ Rn+1 is the state vector of the compensator. We desire
that the compensator track the fast acting component of the system, in order to
cancel its effect on the new (compensated) output switching function σc. The
design of the compensator is outlined by the following proposition:
Proposition 6.1. For the system in 6.3, chatter can be suppressed by replacing
the output switching function σ with a compensated output switching function σc,
governed by a dynamic system with state variable xc(t) ∈ Rn+1,
x˙c = (Af +BfKSf )xc −BfKσ +Bf u(σc)
σc = σ − Scxc
where Sc =
[
S −µAS (In + µSA)−1 (In + µAA)−1B
]
,
Af =
[
− 1
µS
In − (In + µSA)−1B
01×n −1/µA
]
, Bf =
[
0
1/µA
]
and K is some gain term that stabilises Af +BfKSc.
Proof. Introducing a state transformation to partition the system into fast and
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slow systems, ξη1
η2
 = T
 zx
u˜
 , T =
 In 0n µA (In + µAA)
−1B
− (In + µSA)−1 In 0n×1
01×n 01×n 1

Define
[
η1 η2
]T
. Then, using the transform, the fast system is,
η˙ = Afη +Bf (ψ(σ))
σf = Sfη (6.12)
where the triple Af and Bf are given in the proposition, and Sf = Sc. Introducing
a dynamic compensator,
x˙c = Acxc +Bcuc (6.13)
Further, introduce an error state variable e = xc − η, a compensator input uc =
KcSce + Kfη + Kuu and choose Bcku = Bf , Ac = Af − BcKf . The dynamics of
the error state system are,
e˙ =
(
Af +Bf
(
K−1u Kc −K−1u
)
Sc
)
e (6.14)
The compensator in the proposition is derived by substituting uc into 6.13, and by
selecting Sc = Sf = Kf , approximating σf = σ, and defining K = K
−1
u Kc −Kc.
The condition on K is obtained from the stability of 6.14.
2) An asymptotic observer [166, 177] within the closed-loop system can filter
the effects of parasitic dynamics on the state-variables. An auxiliary observer-loop,
within the main control-loop, is introduced to the system structure. The observer
states are used in place of the real (measured) states to resolve the switching
function. The controller then drives the state-trajectory towards a virtual ideal
sliding surface. Chattering is suppressed in the system as the virtual ideal sliding
motion is more stable than the real sliding motion and is easier to hold along the
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manifold. A simple linear asymptotic observer has the form,
˙ˆx(t) = Axˆ(t) +Bu(σˆ, t) + L (Sx(t)− Sxˆ(t))
σˆ = Sxˆ(t) (6.15)
where L ∈ Rn is the observer parameter and xˆ(t) ∈ Rn is the observer state
vector. The input to the sliding mode control law, the real output switching
function σ, is replaced by the observer output σˆ. Complete chatter suppression,
and thus convergence with the sliding plane, is achieved by appropriate choice
of observer parameter L. A new condition for convergence is proposed in the
following theorem:
Theorem 6.1. For the system in 6.3, controlled by a controller ϕ(σ) satisfying
the sector condition,
ϕ(σ)Tσ ≥ 0
chatter is completely suppressed (the system is absolutely stable) by replacing the
output switching function σ with an observer output switching function σˆ of the
form in 6.15, and the observer parameters L are chosen such that,
(
ΨS + S (In + µAA)
−1) (In + µSA)−1 L
− µAΨS (In + µAA)−1 LS (In + µSA)−1 L < 0
where
Ψ =
µS
µA
S (In + µSA)
−1 (In + µAA)
−1B
S (In + µAA)
−1B
Proof. The system in 6.3 is augmented to include observer states and an observer
output σˆ, which is used as the output-feedback term to the controller. Thus, 6.3
becomes,
˙ˆx
z˙
µSx˙
µA ˙˜u
 =

A− LS 0 LS 0
0 A 0 B
0 In −In 0
0 0 0 −1


xˆ
z
x
u˜
+

B
0
0
1
 (−ψ(σˆ))
σˆ = Sxˆ (6.16)
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For convenience, the following notation is defined:
Λ¯1 =
(
(A− LS) + 1
µS
In
)−1
, Λ¯2 =
(
(A− LS) + 1
µA
In
)−1
,
Λ¯3 = (In + µAA)
−1 , Λ¯4 = (In + µSA)
−1
Introducing the state-transformation matrix,
ξ1
ξ2
η1
η2
 = T

xˆ
z
x
u˜
 , T =

In 0n×n Λ¯1LS −µAµS Λ¯2Λ¯1LSΛ¯3B
0n×n In 0n×n µAΛ¯3B
0n×n −Λ¯4 In 0n×1
01×n 01×n 01×n 1

The state-transformation decomposes 6.16 into fast and slow sub-systems. The
fast sub-system is,[
µS η˙1
µAη˙2
]
=
[
−In −µSΛ¯4B
0 −1
][
η1
η2
]
+
[
0
1
]
(−ψ(σˆ))
σˆf =
[
−SΛ¯1LS
µASΛ¯1LSΛ¯4Λ¯3B +
µA
µS
SΛ¯2Λ¯1LSΛ¯3B
]T [
η1
η2
]
(6.17)
The absolute stability of the system is guaranteed if the Popov’s criterion is sat-
isfied, i.e.
Re [(1 + jλω)G(jω)] +
1
κ
> 0 ∀ω ≥ 0,∃λ > 0
where G(jω) is the transfer function and κ satisfies the sector bound condition,
u(σˆ)T ((u(σˆ)− κσˆ) < 0. For conventional sliding mode control laws, κ =∞. The
Popov’s criterion for κ = ∞, is fulfilled for all frequencies except for those where
the frequency response traverses the upper- left quadrant of the complex plane,
i.e. where the phase angle of the frequency response is less than −pi radians. The
aim of the observer is to augment the frequency response so that it no longer
enters the upper-left quadrant, and thus we can reserve our analysis to only the
high frequency sub-system σˆf . Let Gf (jω) be the frequency response of the fast
sub-system. Substituting Gf (jω) into the Popov’s criterion, and setting ω → ∞,
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the criterion becomes,
µSSΛ¯4Λ¯3B
µASΛ¯3B
S (µS (A− LS) + In)−1 L
+ S (µA (A− LS) + In)−1 S (µS (A− LS) + In)−1 L > 0 (6.18)
The equivalence between 6.18 and the result in theorem 6.1 can be shown using
the Sherman-Morrison formula [178]. For some µ´, the formula implies that,
(In + µ´ (A− LS))−1 ≡ (In + µ´A)−1 + µ´(In + µ´A)
−1 LS (In + µ´A)
−1
1− µ´S (In + µ´A)−1 L
Assume 1− µ´S (In + µ´A)−1 L < 0 for both µ´ = µA, µ´ = µS. Then, by substituting
into 6.18 (with µ´ = µA, µ´ = µS) the result in 6.1 can be obtained.
6.4 Performance Estimation
Three performance metrics are considered in this section; they are chattering am-
plitude, settling time, and maximum output bound. These performance metrics
are well known to classical control systems design, and are sufficient for many
control system specifications.
6.4.1 Chattering Amplitude and Convergence
The chattering amplitude can be approximated using the describing function
method [179, 180]. The describing function is a first order Fourier-series approx-
imation of the sliding mode controller F (σ, t) with an oscillating input to the
controller of fixed frequency ω and amplitude a , i.e. σ = a sin(ωt),
F (σ) ≈ N(a, ω)σ(t) = 1
a
[P (a, ω) + jQ(a, ω)]σ(t)
P =
1
pi
∫ 2pi
0
F (a(t) sin(ωt)) sinθ(t)dθ
Q =
1
pi
∫ 2pi
0
F (a(t) sin(ωt)) cosθ(t)dθ
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The resultant function has a frequency domain interpretation as a complex vector
on the Nyquist plane. From the harmonic balance principle, a limit-cycle occurs
when G(jω) = −1/N(a, ω) where N(a, ω) is the describing function. The am-
plitude a at the point of harmonic balance is the amplitude of chatter, and the
frequency ω is the chattering frequency. To use the describing function method,
the following assumption must be valid:
Assumption 6.1. The system described in 6.3, with sliding variable as output,
has a frequency response equivalent to a low-pass filter.
The accuracy of the describing function method is dependent on the open-loop
system satisfying assumption 1; otherwise the omission of higher order terms in the
Fourier approximation will diminish the accuracy. Other frequency domain meth-
ods exist where the low-pass filter assumption is relaxed [181, 182, 183]. However,
the describing function method is sufficient for this discussion, and its simplicity
is advantageous.
Proposition 6.2. The controllers in section 6.3.1 and 6.3.2 have the following
describing functions N(a, ω):
1) Conventional sliding mode controller:
N =
4ρ
pia
2) Saturation controller:
N =
2ρ
piδ
(
(δ/a)
√
1− (δ/a) + sin−1 (δ/a)
)
3) Sigmoidal controller:
N =
4ρ
pia
− 2ρδ
a2
+
4ρ (δ/a)2
pia
√
(δ/a)2 − 1
pi
2
− tan−1
 1√
(δ/a)2 − 1

4) Twisting controller:
N =
4
pia
(r1 + jr2)
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5) Homogenous controller:
N =
4r1
pia
(
r22
2ω2a
(
r42
4ω4a2
+ 1
)1/2
− r
4
2
2ω4a2
)1/2
+j
4r1
pia
((
r42
4ω4a2
+ 1
)1/2
− r
2
2
2ω2a
)
6) Generalized sub-optimal controller:
N =
4r1
pia
(√
1− r22 + jr2
)
Proof. The conventional and saturation describing functions have well established
functions and are derived in [180]. The twisting controller is derived in [184], and
the generalized sub-optimal controller in [183]. The sigmoidal controller is derived
as follows:
Let the system be in a state of chattering, i.e. σ = a sin θ(t), where θ = ωt.
The coefficients of the Fourrier series for the sigmoidal controller in a chattering
state, are given by,
P =
1
pi
∫ 2pi
0
(
a sin θ(t)
|a sin θ(t)|+ δ
)
sin θ(t)dθ
Q =
1
pi
∫ 2pi
0
(
a sin θ(t)
|a sin θ(t)|+ δ
)
cos θ(t)dθ
Solving the integration for P ,
P =
ρ
pi
∫ 2pi
0
sin2 θ(t)
|sin θ(t)|+ δ/adθ
=
ρ
pi
[∫ 2pi
0
sin2 θ(t)− (δ/a)2
|sin θ(t)|+ δ/a dθ + (δ/a)
2
∫ 2pi
0
1
sin θ(t) + (δ/a)
dθ
]
=
ρ
pi
[∫ 2pi
0
(sin θ(t)− δ/a) dθ + (δ/a)2
∫ 2pi
0
1
sin θ(t) + (δ/a)
dθ
]
=
ρ
pi
[
− cos θ(t)− δ
a
θ(t) +
(δ/a)2√
(δ/a)2 − 1 tan
−1
(
(δ/a) tan(θ(t)/2) + 1√
(δ/a)2 − 1
)]2pi
0
=
2ρ
pi
(
2− δ
a
pi
)
+
4ρ(δ/a)2
pi
√
(δ/a)2 − 1
(
pi
2
− tan−1 1√
(δ/a)2 − 1
)
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Solving the integration for Q,
Q =
aρ
pi
∫ 2pi
0
sin θ(t) cos θ(t)
a sin θ(t) + δ
dθ
=
aρ
pi
[
sin θ(t)
a
− δ
a2
ln (a sin θ(t) + δ)
]2pi
0
= 0
Thus, the describing function for the sigmoidal controller is obtained by substiuting
the coefficients into the equation N(a, ω) = 1
a
[P (a, ω) + jQ(a, ω)].
The describing function for the homogenous controller is derived as follows: As
before, assume the system is in a state of chattering, i.e. σ = a sin θ(t). Denote
Σ(θ) as,
Σ(θ) = aω cos θ(t) + r2 |a sin θ(t)|1/2 sgn(a sin θ(t))
The coefficients of the fourrier series are given by,
P =
r1
pi
∫ 2pi
0
sgn(Σ(θ)) sin θ(t)dθ
Q =
r1
pi
∫ 2pi
0
sgn(Σ(θ)) cos θ(t)dθ
Solving the integration for P and Q,
P =
r1
pi
(
[cos θ(t)]θ10 − [cos θ(t)]θ2θ1 + [cos θ(t)]
2pi
θ2
)
Q =
r1
pi
(
[sin θ(t)]θ10 − [sin θ(t)]θ2θ1 + [sin θ(t)]
2pi
θ2
)
(6.19)
where θ1, θ2 are the set of points where the controller swithces, that is {θ1, θ2} =
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{θ : Σ(θ) = 0, 0 ≤ θ ≤ 2pi} Solutions for θ1, θ2 obtained by setting Σ(t) = 0,
sin θ1 =
(
r42
4ω4a2
+ 1
)1/2
− r
2
2
2ω2a
sin θ2 = − sin(θ1)
cos θ1 =
(
r22
2ω2a
(
r42
4ω4a2
+ 1
)1/2
− r
4
2
2ω4a2
)1/2
cos θ2 = − cos θ1
Substituting θ1, θ2 into 6.19 yields solutions for P and Q and the describing func-
tion of the homogenous controller.
Remark 6.1. The saturation and sigmoidal describing functions have no solution
when δ > a. In this circumstance, a chattering solution does not exist and the sys-
tem is convergent with the sliding plane. This is a useful feature of the saturation
and sigmoidal sliding mode controllers: by appropriate selection of δ, chatter in
the system is completely suppressed. The following proposition defines conditions
for convergence:
Proposition 6.3 (Convervgence Condition). Suppose a system of the form in
6.3, with frequency response G(jω), is controlled by either the saturation function
sliding mode controller, or the sigmoidal function sliding mode controller. Then,
the system is absolutely asymptotically stable if,
Gm > ρ/δ (Convergence Condition)
where GM is the gain margin of G(jω) and r, δ, are defined in the description of
the controller.
Proof. The proof follows from the Popov’s criterion for absolute asymptotic sta-
bility. For the saturation controller, the sector bound condition is satisfied by
κ = ρ/δ. The same bound is valid for the sigmoidal controller. As σ → 0, u →
ρσ/δ. Thus, choosing κ = ρ/δ satisfies the sector condition for both the sigmoidal
and saturation controllers. Define G(jω) = g1(jω) + jg2(jω), then the Popov’s
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criterion becomes,
δ
ρ
+ g1(jω)− ωλg2(jω) > 0 (6.20)
By appropriate choice of λ, the inequality is satisfied for all g2(jω) < 0. For
g2(jω) > 0, set λ to be some infinitesimally small value. Inequality 6.20 becomes
δ/ρ > −g1(jω), which by definition of gain margin, is equivalent to the condition
in the proposition.
6.4.2 Settling Time
This section outlines a method of approximating the settling time of a chattering
system using harmonic linearization [185]. The method is well suited to controllers
that are discontinuous, and systems where the steady-state is not an equilibrium
point (i.e. chatter). Lets denote the characteristic equation for the system in 6.3
as
A(p)σ +B(p)F (σ, pσ) = 0 (6.21)
where p is the Laplace variable, A(p), B(p) are the linear components of the system
and F (σ, pσ) the non-linear controller. Lets assume that a first order solution of the
nonlinear closed-loop control system can be closely approximated by the function
σ(t) = a(t) sin (θ(t)), then a suitable first order approximation of the time varying
amplitude and time-varying phase can be obtained by
a(t) = a(0)eζt ⇒ da
dt
= ζ(t)a(t) and
dθ(t)
dt
= ω(t) (6.22)
where ζ and ω are pseudo-static terms that varies slowly with time (ζ˙ ≈ 0, ω˙ ≈ 0).
It follows that
σ(t) = a(t) sin (θ(t))
σ˙(t) = pσ(t) = a(t) (ζ(t) sin (θ(t)) + ω(t) cos (θ(t)))
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Thus, the first harmonic linearization of the nonlinear function is
F (σ, pσ) = N(a, ζ, ω)σ(t) =
1
a
[P (a, ζ, ω) + jQ(a, ζ, ω)]σ(t)
P =
1
pi
∫ 2pi
0
F [a(t) sin (θ(t)) , a(t) (ω cos (θ(t)) + ζ sin (θ(t)))] sin (θ(t)) dθ
Q =
1
pi
∫ 2pi
0
F [a(t) sin (θ(t)) , a(t) (ω cos (θ(t)) + ζ sin (θ(t)))] cos (θ(t)) dθ
An expression for the damping ζ and frequency ω, in terms of amplitude a, is
obtained by substituting the harmonic linearization into 6.21 and by setting the
Laplace variable to ζ+jω. The time for the system to settle from initial oscillation
a0 amplitude to the final amplitude ak is given by
ts = −
∫ ak
a0
1
aζ(a)
da (6.23)
which is derived from 6.22.
The harmonic linearization N(a, ζ, ω) of the conventional sliding mode con-
troller and the continuous sliding mode controllers are the same as their respective
describing functions. The harmonic linearizations for the higher order controllers
are given in the following proposition:
Proposition 6.4. Harmonic linearization functions for the higher order sliding
mode controllers are:
1) Twisting controller:
N =
4
pia
r1 − r2√
1 + (ω/ζ)2
− j r2ω
ζ
√
1 + (ω/ζ)2

2) Homogenous controller:
N =
4r1
pia
(
1− 2
(
1 + α1e
−α2
(
r2
ω
√
a
+α3
))−1/α1
+ je
−β1
(
r2
ω
√
a
−β2
))
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where
α1 = −1.7ζ/ω + 1.3 β1 = −0.21ζ/ω + 0.51
α2 = −0.97ζ/ω + 2.4 β2 = −1.5ζ/ω − 0.44
α3 = 3ζ/ω − 0.52
3) Generalized sub-optimal controller:
N =
4
pia
(√
1− Σ2 + jΣ
)
, where Σ =
r2 (1− ζ/ω)
eζpi/(4ω) −√2r2ζ/ω
Proof. The harmonic linearization function for the twisting controller is derived di-
rectly from the Fourier series. Recall that σ = a(t) sin θ(t) and σ˙ = a(t) (ω cos θ(t) + ζ(t) sin θ(t)).
For the twisting controller with σ and σ˙, solutions to P and Q are given by,
P =
1
pi
∫ 2pi
0
(r1sgn(a sin θ(t)) + r2sgn(a(t)(ω cos θ(t) + ζ(t) sin θ(t)))) sin θ(t)dθ
Q =
1
pi
∫ 2pi
0
(r1sgn(a sin θ(t)) + r2sgn(a(t)(ω cos θ(t) + ζ(t) sin θ(t)))) cos θ(t)dθ
The solutions to the integrations are,
P =
2
pi
(
[(r1 − r2) cos θ(t)]θ10 + [(−r1 + r2) cos θ(t)]θ2θ1 + [(−r1 − r2 cos θ(t))]
pi
θ2
)
Q =
2
pi
(
[(r1 − r2) sin θ(t)]θ10 + [(−r1 + r2) sin θ(t)]θ2θ1 + [(−r1 − r2 sin θ(t))]
pi
θ2
)
where θ1, θ2 are the points of switching,
θ1 = pi/2
ω cos θ2 = −ζ sin θ2
⇒ θ2 = tan−1 −ω
ζ
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Thus, resolving for P and Q,
P =
4
pi
(
r1 +
r2√
(ω/ζ)2 + 1
)
Q =
4
pi
(
−r2ω/ζ√
(ω/ζ)2 + 1
)
Substituting the coefficients into harmonic linearization function N = P + jQ
yields the result for the twisting controller.
The function for the homogenous controller is derived from the Fourier series
and an empirical approximation of the phase angle at which the function switches.
As before, for the homogenous controller, solutions for P and Q are given by,
P =
1
pi
∫ 2pi
0
r1sgn(Σ) sin θ(t)dθ
Q =
∫ 2pi
0
r1sgn(Σ) cos θ(t)dθ
Resolving the integration,
=
2
pi
(
[r1 cos θ(t)]
θS
0 + [−r1 cos θ(t)]piθS
)
=
2
pi
(
[r1 sin θ(t)]
θS
0 + [−r1 sin θ(t)]piθS
)
where θS is phase angle at the point of switching. θS is a solution of the equation,
ζ
ω
sin (θS) + cos (θS) +
r2
ω
√
a
√
sin (θS) = 0
Solutions for cos θS and sin θS can be approximated respectively by an empiri-
cally generated generalized logistic function and empirically generated Gaussian
function,
cos θS =
(
1− 2
(
1 + α1e
−α2
(
r2
ω
√
a
−α3
))−1/α1
sin θS = e
−β1
(
r2
ω
√
a
−β2
)
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where:
α1 = −1.7ζ/ω + 1.3 β1 = −0.21ζ/ω + 0.51
α2 = −0.97ζ/ω + 2.4 β2 = −1.5ζ/ω = 0.44
α3 = 3ζ/ω − 0.52
The harmonic linearization is obtained by substituting cos θSand sin θS, for their
approximations, in to the Fourrier series. The accuracy is greatest when ζ/ω < 1,
and r2
ω
√
a
> 2. The accuracy decreases most dramatically as ζ/ω → ∞. However
as frequency tends to be the larger term, the accuracy of the approximation can
be assumed in most cases and thus this limitation is not overly restrictive.
The harmonic linearization for the generalized suboptimal controller is sim-
ilarly derived from the Fourier series and an approximation of the phase angle
at switching. Switching of the controller occurs when σ = r2σM . Recalling that
σ = a(t) sin θ(t) and a(t) = a(0)eζt, and assuming that θS ≈ ωt, (i.e. w(t) changes
slowly over the period), then 6.22 can be rearranged such that the phase angle at
switching is the solution to the equality,
sin (θS) = r2e
ζ(pi/2−θS)/ω ≈ r2 (1− ζ/ω)
eζpi/(4ω) −√2r2ζ/ω
where the right-hand term is a closed-form approximation of sin (θS), derived using
the Taylor expansion.
Remark 6.2. The harmonic linearization of the saturation function and sigmoidal
function are only valid while δ > a. For settling time beyond this point, the system
can be treated as conventional output linear feedback system, with feedback gain
u = −(ρ/δ)σ.
Remark 6.3. Chattering occurs when ζ = 0 . Thus, the harmonic linearization of
the homogenous controller can be used to obtain a simpler describing function.
6.4.3 Maximum Output Bound
In this section, a simple unified approach to establishing a maximum output bound
is proposed based on invariant ellipsoids [186, 187, 188]. We first introduce a
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theorem that determines the bounds of a system by combining a set of sequential
invariant ellipsoids. This is used to construct a set of simple procedures using
linear matrix inequalities (LMIs) for each sliding mode controller to determine the
maximum output bound for some specified tuning parameters.
Theorem 6.2. Suppose a system with state variable y is governed by a series of
dynamic equations of the form
y˙ = Aiy −Biρi
y˙ = Ai+1y −Bi+1ρi+1
where switching from the ith to the (i + 1)th dynamic equation occurs when the
trajectory y crosses the manifold Ciy = βi. If the trajectory while governed by the
ith system starts within or enters a set bounded by an ellipsoid
(
y −A −1i Biρi
)T
Pi
(
y −A −1i Biρi
) ≤ 1
then, after crossing the manifold Ciy = βi, the trajectory of the (i+ 1)th system is
enclosed by an ellipsoid
(
y −A −1i+1Bi+1ρi+1
)T
Pi+1
(
y −A −1i+1Bi+1ρi+1
)
< 1
until the manifold Ci+1y = βi+1 is crossed, provided the following conditions are
satisfied:
(1) A Ti Pi + PiAi < 0
(2) A Ti+1Pi+1 + Pi+1Ai+1 < 0
(3)
[
P¯i + λ¯C TC − Pi+1 Q12
QT12 Q22
]
> 0
Q12 = −P¯i
(
A −1i Biρi
)− C Tβiλ¯+ Pi+1 (A −1i+1Bi+1ρi+1)
Q22 = 1− τ¯ + λ¯
(
β2i − γ2
)
+
(
A −1i Biρi
)T
P¯i
(
A −1i Biρi
)
− (A −1i+1Bi+1ρi+1)−1 Pi+1 (A −1i+1Bi+1ρi+1)
∃τ¯ > 0, λ¯ > 0, and P¯i = τ¯i and Pi+1 are real symmetric positive definite matrices.
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Proof. Introducing a new state variable for the ith system, y¯i = y−A −1i Biρi, such
that the ith system dynamic equation becomes ˙¯y = Aiy¯i. Suppose there exists a
set enclosed by an ellipsoid Ωi ∈
{
y¯i : y¯
T
i Piy¯i ≤ 1
}
where Pi is some real symmetric
positive-definite matrix. Further, suppose the ellipsoid encloses either the initial
condition or the point where the trajectory crossed the last manifold Ci−1y = βi−1.
If the ellipsoid is invariant, then the trajectory will remain within the ellipsoid for
all time, or until the trajectory crosses the next switching manifold Ciy = βi, in
which case, the system changes to the (i+ 1)th system. This ellipsoid is invariant
if it satisfies the Lyapunov equation for the ith system,
A Ti Pi + PiAi < 0
This yields condition 1 by multiplying both sides by the positive term τ¯ , and
substituting P¯i = τ¯Pi. Lets define a sub-set Ω´i ∈ Ωi as,
Ω´i ∈
{
y :
(
y −A −1i Biρi
)T
Pi
(
y −A −1i Biρi
) ≤ 1(−βi + yTC Ti ) (Ciy − βi) < γ2
}
where γ is some small parameter that defines a perimeter about the switching
manifold. Using the S-procedure, a new inequality is defined for all y /∈ Ω´i,
yT
(
Pi + λC
T
i Ci
)
y − 2 (λβiCi + (A −1i Biρi)Pi) y
+
(
A −1i Biρi
)T
Pi
(
A −1i Biρi
)− 1− λ (γ − β2i ) > 0 (6.24)
∃λ > 0
We now introduce a new state variable for the (i + 1)th system, y¯i+1 = y −
A −1i+1Bi+1ρi+1 such that the (i + 1)
th system dynamic equation becomes ˙¯yi+1 =
Ai+1y¯i+1. As before, we suppose there exists a set Ωi+1 ∈
{
y¯i+1 : y¯
T
i+1Pi+1y¯i+1 ≤ 1
}
where Pi+1 is a real symmetric positive definite matrix that satisfies the Lyapunov
equation (condition 2),
A Ti+1Pi+1 + Pi+1Ai+1 < 0
Any trajectory of the (i+1)th system that starts in the set Ωi+1 will remain within
the set for all time, or until the trajectory crosses the next manifold Ci+1y = βi+1.
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Furthermore, if Ωi+1 ∈ Ω´i, it follows that any trajectory of the ith system, that
starts within the ellipsoid y¯Ti Piy¯i ≤ 1, will enter the the ellipsoid y¯Ti+1Pi+1y¯i+1 ≤ 1
as it crosses the manifold. Thus, the switching system is confined to one of a
succession of invariant ellipsoids that change as the trajectory crosses each of the
switching manifolds. As shown in figure 6.2, the union of all the sets bounded
between the switching manifolds and the edge of the ellipsoids, form a limit on
the trajectory of the switching system. Using the S-procedure a new condition for
Ωi+1 ∈ Ω´i is derived,
yT
(
Pi + λC
T
i Ci
)
y − 2
(
λβiCi +
(
A −1i Biρi
)T
Pi
)
y
+
(
A −1i Biρi
)T
Pi
(
A −1i Biρi
)
+ τ − 1 + λ (β2i − γ2)
− τ (y −A −1i+1Bi+1ρi+1)T Pi+1 (y −A −1i+1Bi+1ρi+1) > 0 (6.25)
∃τ > 0, λ > 0
Lets denote τ¯ = 1/τ , P¯1 = P1/τ , and λ¯ = λ/τ , then, the inequality can be
expressed as a linear matrix inequality (LMI) (condition 3).
Figure 6.2: Trajectory bounded by succession of invariant ellipsoids
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The system in 6.3, controlled by any of the sliding mode controllers, can be
represented by the form described in theorem 6.2: that is, as a series of dynamic
equations, sequentially switching from one to the next as the trajectory crosses
the switching manifolds. Thus, theorem 6.2 can be used to delineate the reachable
set for the controlled system, and obtain a limit on its output bound.
We first outline a general procedure based on theorem 6.2 for obtaining the
maximum output bound. Lets denoteS y¯i+1 as the output of interest. Introducing
y¯Ti+1S
TS y¯i+1 < . Using the coordinate transformation the maximum output
bound in terms of  is,
σMax = sgn(σMax)
√
+SA −1i+1Bi+1ρi+1 (6.26)
We seek the minimum  such that,
y¯Ti+1Pi+1y¯i+1 > y¯
T
i+1S
T (1/)S y¯i+1 (6.27)
For i = 1, the objective can be redefined in the form of the following convex LMI
optimization problem: For some positive definite symmetrical P¯1, P2 ∈ Rl×l, where
l = 2n+ 1, minimize  such that:
(1)
[
P2 S T
S 
]
≥ 0
(2)
(
y −A −11 B1ρ1
)T
P1
(
y −A −11 B1ρ1
) ≤ τ¯
(3) A T1 P¯1 + P¯1A1 < 0
(4) A T2 P2 + P2A2 < 0
(5)
[
P¯1 + λ¯C TC − P2 Q12
QT12 Q22
]
> 0
Q12 = −P¯1
(
A −11 B1ρ1
)− C Tβ1γ¯ + P2 (A −12 B2ρ2)
Q22 = 1− τ¯ + λ¯
(
β21 − γ2
)
+
(
A −11 B1ρ1
)T
P1
(
A −11 B1ρ1
)
− (A −12 B2ρ2)T P2 (A −12 B2ρ2)
∃τ¯ > 0, λ¯ > 0
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where step 1 is the Schur complement of 6.27, and steps 2-5 are obtained from the-
orem 6.2. The state-trajectory of a system may cross multiple switching manifolds
before reaching the maximum output. Lets denote n˜ as the number of switching
manifolds crossed before the maximum output bound is reached. Successive in-
variant ellipsoids for i ≥ 2 are obtained by successive use of the following convex
LMI optimization: For some positive symmetrical Pi+1 ∈ Rl×l, and a known Pi
(from the previous optimization), minimize  such that:
(1)
[
Pi+1 S T
S 
]
≥ 0
(2) A Ti+1P¯i+1 + P¯i+1Ai+1 < 0
(3)
[
τ¯ P¯i + λ¯C Ti C
T
i − Pi+1 Q12
QT12 Q22
]
> 0
Q12 = −P¯i
(
A −1i Biρi
)− C Ti βiλ¯+ Pi+1 (A −1i+1Bi+1ρi+1)
Q22 = 1− τ¯ + λ¯
(
β2i − γ2
)
+
(
A −1i Biρi
)T
P¯i
(
A −1i Biρi
)
− (A −1i+1Bi+1ρi+1)T Pi+1 (A −1i+1Bi+1ρi+1)
∃τ¯ > 0, λ¯ > 0
This general method is now applied to the sliding mode controllers:
1) The conventional sliding mode controller switches across the output switch-
ing function between two dynamic equations. Assume the initial conditions of the
statevariables result in an output σ > 0. This assumption is not restrictive as it is
a straightforward operation to change the method for initial outputs σ < 0. Define
the following:
y =
[
z x u˜
]T
, ρ1 = ρ, ρ2 = −ρ, β = 0,
A = A1 = A2, B = B1 = B2, S = C =
[
0 S 0
]
A =
 A 0 B1µS In − 1µS In 0
0 0 −1/µA
 , B =
 00
1/µA

(Note: ρ1 = −ρ, and ρ2 = ρ, for initial conditions with σ < 0. From 6.26, the LMI
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set becomes:
(1)
[
P2 S T
S 
]
≥ 0
(2)
(
y −A −11 B1ρ1
)T
P1
(
y −A −11 B1ρ1
) ≤ τ¯
(3) A T P¯1 + P¯1A < 0
(4) A TP2 + P2A < 0
(5)
[
P¯1 + λ¯C TC − P2 Q12
QT12 Q22
]
> 0
Q12 = −P¯1
(
A −11 B1ρ1
)− C Tβ1γ¯ + P2 (A −12 B2ρ2)
Q22 = 1− τ¯ + λ¯
(
β21 − γ2
)
+
(
A −11 B1ρ1
)T
P1
(
A −11 B1ρ1
)
− (A −12 B2ρ2)T P2 (A −12 B2ρ2)
∃τ¯ > 0, λ¯ > 0
The maximum output bound is,
σMax = −
√
−SA −1Bρ
2) The saturation controller and sigmoidal controller are assumed to be ap-
proximately equivalent. Hence, only the saturation controller is addressed. Invari-
ant ellipsoid sets for systems with saturated inputs have been extensively studied
[189, 190, 191, 192]. We propose a different method that is commensurate with
our unified approach. The saturation controller divides the state-space into a high-
gain linear feedback region, and two regions above and below which are equivalent
to a system undergoing a step-input. The maximum output bound is found by
performing two successive LMI optimizations. For convenience, we assume the
initial condition satisfies σ > 0.
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Define the following:
y =
[
z x u˜
]T
, ρ1 = ρ, ρ2 = 0, ρ3 = −ρ, β1 = δ, β2 = −δ
A = A1 = A3, B = B1 = B3, B2 = 0, S = C = C2 =
[
0 S 0
]
A =
 A 0 B1µS In − 1µS In 0
0 0 −1/µA
 , B =
 00
1/µA
 , A2 = A −B(ρ/δ)
The LMI problem becomes: Minimise  such that,
(1)
[
P2 S T
S 
]
≥ 0
(2)
(
y −A −1Bρ)T P1 (y −A −1Bρ) ≤ τ¯
(3) A T P¯1 + P¯1A < 0
(4) A T2 P2 + P2A2 < 0
(5)
[
P¯1 + λ¯C TC − P2 Q12
QT12 Q22
]
> 0
Q12 = −P¯1
(
A −1Bρ
)− C T δγ¯
Q22 = 1− τ¯ + λ¯
(
δ2 − γ2)+ (A −1Bρ)T P1 (A −1Bρ)
∃τ¯ > 0, λ¯ > 0
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P2 is passed to the second LMI problem: Minimise  such that,
(1)
[
P3 S T
S 
]
≥ 0
(2) A T3 P¯3 + P¯3A3 < 0
(3)
[
τ¯ P¯2 + λ¯C TC T − P3 Q12
QT12 Q22
]
> 0
Q12 = C
T δλ¯− P3
(
A −1Bρ
)
Q22 = 1− τ¯ + λ¯
(
δ − γ2)− (A −1Bρ)T P3 (A −1Bρ)
∃τ¯ > 0, λ¯ > 0
The maximum output bound is −√ − SA −13 ρ. This approach requires two
assumptions: 1) that the system-state trajectory traverses all three controller re-
gions, and 2) that an invariant set exists for each region. The first assumption
is trivial, as the approach can easily be adapted for a system traversing only two
regions. However, the second assumption is restrictive as it requires that δ satisfy
the convergence condition. Typically, an unstable linear region implies a small
δ. Thus, the maximum output bound can be obtained, albeit conservatively, by
treating the controller as a conventional sliding mode controller, i.e. δ ≈ 0.
3) The twisting controller has two switching manifolds; one accross the σ = 0
axis, and a second across the σ˙ = 0 axis. Define the following:
A = A1,2,3 =
 A 0 B1µS In − 1µS In 0
0 0 −1/µA
 , B = B1,2,3 =
 00
1/µA
 ,
S = C1, β1 = β2 = 0
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The relay gains ρ1, ρ2 depend on the initial condition:{
ρ1 = r1 + r2 σ > 0
ρ2 = r1 − r2 σ˙ > 0
}
,
{
ρ1 = −r1 + r2 σ < 0
ρ2 = r1 + r2 σ˙ > 0
}
,{
ρ1 = −r1 − r2 σ < 0
ρ2 = −r1 + r2 σ˙ < 0
}
,
{
ρ1 = r1 − r2 σ > 0
ρ2 = −r1 − r2 σ˙ < 0
}
For trajectories crossing a single manifold, the general method is followed with C
assigned to the crossed manifold. For trajectories that cross both manifolds before
reaching the maximum output, the general method for two successive optimizations
is followed. The two manifolds are,
C1 =
[
0 S 0
]
, C2 =
[
1
µS
S − 1
µS
S 0
]
where the manifold crossed first is defined as C1 and the manifold crossed second
C2.
4) The homogenous controller has a nonlinear switching manifold, and thus
theorem 6.2 cannot be directly applied. Lets denote Σ(y) as the nonlinear switch-
ing manifold. We derive a new condition which can be used to guarantee that the
set Ωi+1 encloses the union of the set Ωi and the switching manifold Σ(y) between
zero and some maximum upper-bound. Define,
C1 =
[
0 S 0
]
, C2 =
[
1
µS
S − 1
µS
S 0
]
, C =
[
C1
C2
]
For convenience, we assume that the system starts in the half space σ > 0. Lets
denote Ω˜i as a new elliptical set,
Ω˜i ∈
{
y : 0 < C1y < σ˜, (C y − E)T P˜ (C y − E) < 1
}
where E =
[
1/
√
P11 0
]T
, P˜ ∈ R2×2 is
P˜ =
[
P11 0
0
(
2
√
P11 − P11σ˜
)
/r22
]
∀P11 > 0
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and σ˜ is an upper-bound on the sliding variable output. It follows that Ω˜i ⊇
{y : Σ(y) = 0, 0 < C1y < σ˜}. Thus, Ω˜i encloses the switching manifold upto σ = σ˜.
The set Ω´i is redefined as Ω´i ∈ Ω˜i ∩ Ωi, and a new inequality proposed that
defines the non-membership Ω´i,
yT
(
P1 + λC
T P˜C − P2
)
y − 2
(
P1
(
A −1Br1
)
+ λC T P˜E
)
y
+
(
A −1B
)T
P1
(
A −1B
)− 1− λ+ λET P˜E > 0 (6.28)
A new LMI is derived by following the proof of 6.2, with 6.24 replaced by 6.28:[
P¯1 + λ¯C T P˜C − P2 Q12
QT12 Q22
]
> 0
Q12 = −P¯1
(
A −1Br1
)− λ¯C T P˜E − P2 (A −1Br1)
Q22 = 1− τ¯ +
(
A −1Br1
)T
P¯1
(
A −1Br1
)− (A −1Br2)P2 (A −1Br2)
∃τ¯ > 0, λ¯ > 0
The maximum output bound is −√ − SA −1Br1 − 1, where  is obtained by
following the general procedure but with step 5 replaced by the new LMI. For
systems starting in the half-plane σ < 0, the following parameters are replaced:
E = −E, r1 = −r1.
5) The generalized sub-optimal controller has a switching manifold that moves
proportionally with the peak oscillations of the output sliding variable. For initial
conditions satisfying σ > 0, lets define S ,C ,A = A1,2,B = B1,2 the same as
the conventional sliding mode controller, ρ1 = r1, ρ2 = −r1, and β1 = r2σM as the
adaptive term that changes each cycle. For initial conditions satisfying σ < 0, the
signs of the latter three terms are reversed. The general method is followed with
the term σM changed with each succesive peak.
6.5 Simulation
The proposed performance estimation techniques are illustrated with an example
second order system with actuator and sensor parasitic dynamics. Introducing a
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second order plant and output switching function,[
z˙
z¨
]
=
[
0 1
−15 −5
][
z
z˙
]
+
[
0
3
]
u˜
σ = 10x+ x˙
and a set of fast-acting first order dynamics acting on the actuator and sensors,
µSx˙ = 0.03x˙ = −x+ z
µSx¨ = 0.03x¨ = −x˙+ z
µAx˙ = 0.01x˙ = −u˜+ u
For each controller ρ = r1 = 10. The initial conditions are chosen as x = 0.1, x˙ =
0, z˙ = 0.1, z = 0, and u˜ = 0.
The proposed procedures are used to predict chatter amplitude, settling time,
and maximum output bound of the system. Chattering was found either directly
from the system Nyquist plot or via optimization algorithm. Settling times were
found by calculating ζ and ω at discrete points of the amplitude, then numerical
integration to find a solution to 6.22. The LMI problems for maximum output
bound were solved using the Matlab LMI toolbox (MathWorks Inc, USA). The
system is simulated using Simulink for comparison with predicted values. The
predicted results are shown in table 6.1 and simulation results in table 6.2.
6.6 Conclusion
The comprehensive formalisation of tuning procedures for chatter suppression slid-
ing mode control methods is necessary to encourage their wider use in real systems.
However, efforts thus far towards explicitly defining tuning guidelines have been
limited. This chapter’s contribution is towards this goal, by establishing simple
and straightforward procedures to estimate performance metrics of common chat-
ter suppression sliding mode control methods.
Proposed are simple, intuitive and practical procedures for estimating the
performance of systems using chatter-suppression sliding mode control methods.
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Table 6.1: Predicted results
Controller Controller Chattering Settling time Output
Parameters Amplitude af∗ Bound
Standard SMC ρ = 10 0.361 0.21 (0.4) 0.76
Saturation ρ = 10 Conv* 0.34 (0.35) 0.71
function δ = 0.3
ρ = 10 0.320 0.41 (0.35) 0.76
δ = 0.25
Sigmoid ρ = 10 Conv* 0.16 (0.35) 0.71
function δ = 0.3
ρ = 10 0.290 0.29 (0.35) 0.76
δ = 0.05
Twisting r1 = 10 0.174 0.13 (0.3) 0.46
r2 = 3
Homogenous r1 = 10 0.016 0.084 (0.2) 0.055
r2 = 15
Generalized r1 = 10 0.161 0.18 (0.2) 0.32
sub-optimal r2 = 0.3
*settling time is from σ(0) = 1 to σ(ts) = af
Table 6.2: Simulated results
Controller Controller Chattering Settling time Output
Parameters Amplitude af∗ Bound
Standard SMC ρ = 10 0.380 0.26 (0.4) 0.62
Saturation ρ = 10 Conv* 0.29 (0.35) 0.61
function δ = 0.3
ρ = 10 0.323 0.31 (0.35) 0.61
δ = 0.25
Sigmoid ρ = 10 Conv* 0.19 (0.35) 0.5
function δ = 0.3
ρ = 10 0.298 0.25 (0.35) 0.59
δ = 0.05
Twisting r1 = 10 0.188 0.15 (0.3) 0.38
r2 = 3
Homogenous r1 = 10 0.019 0.08 (0.2) 0.016
r2 = 15
Generalized r1 = 10 0.172 0.16 (0.2) 0.24
sub-optimal r2 = 0.3
*settling time is from σ(0) = 1 to σ(ts) = af
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Chatter suppression is an important area of research that aims to make sliding
mode controllers practical in real systems. At present, the practical use of sliding
mode control is hindered by the existence of chatter, or self-sustaining periodic
oscillations, that arise in real systems. The chatter emanates from the combina-
tion of the hard-relay of the sliding mode controller, and un-modelled parasitic
dynamics at the actuator and sensor side of the plant. The additional dynamics
raise the relative degree of the system with respect to the output sliding variable,
creating oscillatory equilibrium solutions in the system. New methods have been
developed to mitigate the effects of the chatter, or in some cases, suppress the
chatter entirely. These new methods invariably introduce new parameters into the
system, which must be chosen carefully to avoid adversely affecting the system’s
performance.
Design conditions for the suppression of chatter using compensators and ob-
servers are presented based on singular perturbation methods and Popov’s crite-
rion. Describing functions for continuous and higher order sliding mode controllers
are derived to estimate chatter under steady-state conditions, and harmonic lin-
earization functions for estimating instantaneous frequency and damping during
transient phase. The instantaneous frequency and damping terms are used to
obtain settling time between initial starting amplitude and some final amplitude.
Both procedures were shown, by example, to be accurate providing the system
meets the low-pass filter assumption, which is in general, not overly restrictive. A
procedure based on invariant ellipsoids is presented to estimate the maximum out-
put bound of the system. This method superimposes a series of invariant ellipsoids
over the state-plane. A set of linear matrix inequalities (LMIs) are derived such
that, if satisfied, the state-trajectory is guaranteed to be contained for all time
within a subset of the collection of the ellipsoids. Optimal solutions are readily
found using standard LMI methods.
The work in this chapter complements and completes the work of the last
chapter by exploring strategies to suppress chatter, and hence, remove the most
prevalent obstacle to the fuzzy-sliding mode controller acheiving its theoretical
promise. However, the contribution of this work to the field of control is much
wider, and has implications wherever sliding mode control is applied practically.
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Chapter 7
Conclusions and Future work
The design of a control system is a vital component of the overall synthesis of a
surgical robotic system. However, control systems for surgical robotics are rarely
examined in detail. The need for absolute safety in a surgical robot, combined with
an apprehensiveness that often accompanies new technology, has led designers
to adopt a conservative approach. Simple and well established techniques are
favoured over the ambitious and novel. A low-risk approach is laudable considering
the potential consequences of an exhibiting unpredictable or erratic behaviour
resulting from a complex control system. On the other hand, it is of interest to
frame a surgical task or problem from a control-centric perspective. There are
two reasons for this; firstly, a mathematical abstraction must be produced for the
design of the controller to describe the qualities and behaviour of the task. This
can lead to a better understanding of the problem and the rationalising of the
mechanical and sensor configurations. Secondly, the surgical environment poses
unusual challenges on the control designer. These challenges can stimulate new
research with a much wider and lasting impact than the original target problem.
7.1 Conclusions
Control techniques for a neurosurgical robot are explored in this thesis. The remit
of this work is deliberately interpreted in the widest possible context, so that
proposed solutions embody a degree of generality. This approach has led to three
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main contributions: 1) a clinical evidence based review of surgical robotics and
a methodology to assist in their evaluation, 2) a new controller for soft-grasping
of objects, and 3) new propositions and theorems for chatter suppression sliding
mode controllers - the chatter suppression can be used to improve the performance
of the soft-grasping controller.
The surgical environment presents difficult challenges for the control sytems
designer. The precise properties of human tissue can change between patients,
sometimes varying dramatically, and the environment can behave in unusual and
unpredictable ways. This makes creating mathematical models which characterise
the operating environment difficult to derive and unreliable. Moreover, any task
performed on a patient is safety critical and demands absolute safety from the
robotic system and its controllers. Consequently, controllers for the surgical envi-
ronment must be high performance and robust, as well as transparent and safe.
The control systems of surgical robots have rarely been explored in detail, but
for consistent performance of automated tasks they must be addressed explicitly.
Even minor and trivial issues demand in-depth analysis. Designers of surgical
robotic systems often favour designing out the control challenges, rather than ad-
dressing them. However, this can potentially lead to over complex designs with
limited function and scope. The elegance and simplicity of a design may suffer as
the designer includes new mechanisms for ever more elaborate potential circum-
stances. An elaborate control solution is easier to implement than an elaborate
mechanical solution. Furthermore, failure to address the control problem means it
is unclear whether it is solvable. The problems posed can be interesting and lead
to new contributions in the control field, which in turn, may have wider applica-
tions beyond surgical robotics. It is unfortunate, although understandable that
the control problems are not more deeply addressed.
Commercial surgical robotic systems are evaluated using a methodology con-
sisting of six criteria structured in a three-tiered hierarchy. The base tier, the
most important, consists of clinical need, the intermediate tier consists of safety
and clinical effectiveness, and top tier, the least important, consists of compati-
bility, cost, and usability. Each of the surgical robotic systems is able to show a
purpose derived from some genuine clinical need. This fulfils the clinical need cri-
teria and the bottom tier. The fulfilment of the intermediate tier is more variable.
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The robotic systems are able to show competence in clinical effectiveness, and that
they are safe to use providing operating procedures are followed. However, they
cannot clearly show any improved symptomatic outcome. This is partly attributed
to the paucity of high quality clinical evidence available, which makes it difficult
to determine any conclusive results.
Evaluation against the top tier yeilds an even more variable outcome. Many
of the robotic systems are expensive, both capital costs and running costs. Some
reduce the overall operating time compared to a non-robotic equivalent, but some
increase it. The sizes of most the robotic systems are large, making it difficult to fit
them in to a standard operating theatre. However, some are designed specifically to
reduce package size. The top tier is the least important of the proposed hierarchy.
However, the frequent surgeon comments in the clinical literature suggest that
limited conformity to the top tier has a detracting influence on the adoption of
these systems.
The lack of fulfilment of the criteria of the top tier is a problem that must be
addressed by future surgical robotic designs. However, the most significant factor
restricting adoption of surgical robotics is the lack of the absence of solid and
tangible evidence of improved symptomatic outcomes relative to the high cost.
A control scheme for soft-grasping objects has been presented. Soft-grasping
is the application of minimum contact force on an object with uncertain char-
acteristics while retaining a static grasp. A real-time controller for this problem
must feature high performance response and robustness. A fuzzy sliding mode
controller (FSMC) with disturbance observer has been proposed. The disturbance
observer is used to approximate a gripper-position reference-demand signal that
will stably grasp the object. The gripper-position is controlled by a sliding mode
controller which rapidly responds to occurrences of slip, and is robust to matched
uncertainty. The sliding mode controller has a fuzzy sliding plane which is tuned
to improve the response of the controller to unmatched uncertainty.
The control scheme has been shown to be effective in both simulation and ex-
periment. In the simulations, the FSMC was able to significantly outperform a
conventional PD controller when uncertainty (matched and unmatched) was in-
troduced into the model. The controller was investigated experimentally using an
experimental test rig. The control scheme was able to demonstrate the rapid per-
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formance properties shown in the simulations. However, performance was reduced
by actuator saturation and insufficient robustness of the disturbance observer.
Moreover, the experimental system was found to chatter, which further reduced
performance. This agrees with simulation results when suboptimal components
such as time-delay are backlash were included. The problem of chattering and
potential solutions was explored in chapter six.
Chatter suppression sliding mode control methods can resolve the problem of
chatter. Examples include observers and compensators which change the frequency
response of the system to attenuate around the chattering frequency, continuous-
sliding mode controllers which soften the nonlinearity in the feedback loop, and
higher order sliding modes, which drive the system trajectory to successive deriva-
tives of the sliding variable. The formalising of the tuning procedures for these
methods have been limited thus far. This has hindered their practical useful-
ness. Hence, in this thesis, new procedures has been proposed for the performance
estimation of common chatter suppression sliding mode control methods. The
procedures include; new design conditions for the suppression of chatter using
compensators and observers; harmonic linearization of continuous and higher or-
der sliding mode controllers to estimate amplitude and frequency of chatter, and
settling time; and estimations of maximum output bound using invariant ellipsoids.
These procedures produced accurate estimations for system performance. For the
harmonic linearization functions the accuracy is dependent on the system satisfying
the low-pass filter assumption. In general, this is not an overly restrictive assump-
tion. Solutions to the performance estimation methods are readily obtained using
traditional optimisation techniques. The invariant ellipsoid estimation method in
particular, is well suited to linear matrix inequality optimisation techniques, which
are simple and computationally efficient.
The design of a neurosurgical robotic system from a purely control-centric
perspective is a challenging approach. There are two reasons why it is justi-
fied. Firstly, addressing the control system problems of the neurosurgical robotic
has led to wider contributions that benefit other areas. Thus, the goals of the
project become the impetus for basic, curiosity-led research. Secondly, there is
no obvious division between where one should adopt a design-led approach or a
control-system-led approach. It is difficult to optimise the mechanical and sensor
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configurations to the current task without knowing what is feasible from a control
system. By exploration of the control system we can, to a more qualified extent;
discern the equilibrium between a ’control-led, control-centric robotic system with
simplified design’ and a ’design-led, design-centric robotic system with simplified
control’.
7.2 Future work
Definitive proof of efficacy is required for surgical robotics to move from novelty
to surgical tool. In chapter two, the clinical evidence base for surgical robotics
was found to be limited and poor quality. The constraints of the present work
have prevented an in-depth and comprehensive meta-analysis. However, a meta-
analysis on this scale is a necessary step to truly quantify the efficacy and usefulness
of surgical robotics. The logical continuation of this work is a thorough assessment
of the totality of the surgical literature along the lines of a Cochrane review, e.g.
using strict, predefined assessment criteria, numerically quantifiable metrics, and
strict quality inclusion criteria for the individual clinical trials.
The soft-grasping controller in chapter five was investigated using simulation
and experiment. The next step for this controller is to integrate it into a gripper
system or other grasping device and test it in a real world situation. In addition,
the controller was constructed from a novel concept; a sliding mode system with
a fuzzy sliding surface. The properties of fuzzy sliding modes have not been es-
tablished. There are many possible advantages to using this flexible approach to
sliding surface design. For example, better robustness to unmatched uncertainty -
which was the rationale behind using this controller in the soft gripper application,
improved dynamic properties, and potential improved frequency response charac-
teristics, i.e. in response to chatter. These features need exploring. For practical
use of the FSMC, tuning methods must be devised. At present, the controller has
a high number of degrees of freedom. While this gives the controller considerable
flexibility, it is difficult to tune. The logic and procedure for tuning the controller
must be rationalised if it is to be suited to more widespread use.
Chatter suppression for sliding mode control is an active and fertile area of
research. There is considerable interest both practically and from a theoretical
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perspective. Higher order sliding modes in particular, have excited much inter-
est as a new control technique. Their properties and characteristics are still be-
ing explored, and there is potential opportunity for new higher order algorithms
and configurations that exhibit different characteristics and different advantages.
Moreover, there is a wealth of other chatter suppression methods to be discovered,
or that have been proposed and await a forensic and rigorous analysis of their
properties.
The work in this area has mostly been conducted in the mathematical sphere.
The translation from theoretical results to practical engineering is in its earliest
stages. One of the most important aspects of this translation is how a control
engineer can parameterise or tune the controller to meet desired performance cri-
teria in any given situation. In other words, there is a need for design methods
for chatter suppression controllers where practical usefulness is emphasised rather
than mathematical rigour - although any method should be constructed on firm
mathematical foundation. A contribution has been made towards this goal in this
thesis. However, the constraints of the present work have allowed only a cursory
examination of this topic. There is considerable scope to extend this work in
directions that would impact tangible, real-world outcomes. For example, incor-
porating the procedures into an adaptive architecture to create a comprehensive
multi-purpose chatter suppression controller. Furthermore, a number of assump-
tions have been made about the system which need not be true in a real system.
For example, parasitic dynamics at the input and output are assumed to be known
or can be reasonably approximated. They are also constrained to be first order.
The relaxation of these assumptions is the next step for this work.
The work in this thesis has contributed to the goal of producing a neurosurgical
robot through the exploration of novel control technqiues. The next stage is the
implementation of these techniques into the system. This requires the design and
production of the mechatronic tools and the active robotic system according to
the concept outlined in chapter four. The overall goal is a complete neurosurgical
robotic system to perform a set of basic neurosurgical tasks from the incision of
the skin to wound closure. This is an ambitious objective. Moreover, the timescale
of such an ambitious goal is likely to be long due to the current conservative state
of surgical robotics, the restriction of development resources, and the challenge of
161
proving absolute safety in this complex multifaceted project.
A new concept for a neurosurgical robotic system is proposed as a project to
run in parallel with the existing one. The new concept is more commerically viable
and practical in the short term, but has limited autonomy and reduced function
compared to the fully autonomous system. It will concentrate on three main tasks:
1) drilling a burr hole and incision of the dura mater, 2) placement of the catheter
and 3) placement of an intracranial bolt into the burr hole. A mechatronic tool with
two active degrees of freedom is positioned by a passive arm or an existing surgical
manipulator, such as the NeuroMate or Pathfinder robots. The mechatronic tool
is fed the necessary attachment by a sterilisable or disposable tool-holder, then
performs each task under the supervision of the clinican. The aim is to produce a
simple, small, and relatively cheap system, with limited autonomy in contrast to
the more complex autonomous robotic system.
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SUMMARY
Surgical robotics is a growing discipline, continuously
expanding with an influx of new ideas and research.
However, it is important that the development of new devices
take account of past mistakes and successes. A structured
approach is necessary, as with proliferation of such research,
there is a danger that these lessons will be obscured,
resulting in the repetition of mistakes and wasted effort
and energy. There are several research paths for surgical
robotics, each with different risks and opportunities and
different methodologies to reach a profitable outcome. The
main emphasis of this paper is on a methodology for ‘applied
research’ in surgical robotics. The methodology sets out a
hierarchy of criteria consisting of three tiers, with the most
important being the bottom tier and the least being the top tier.
It is argued that a robotic system must adhere to these criteria
in order to achieve acceptability. Recent commercial systems
are reviewed against these criteria, and are found to conform
up to at least the bottom and intermediate tiers, the most
important first two tiers, and thus gain some acceptability.
However, the lack of conformity to the criteria in the top
tier, and the inability to conclusively prove increased clinical
benefit, is shown to be hampering their potential in gaining
wide establishment.
1. Introduction
The field of surgical robotics began in the mid-1980s with
the published clinical trials of Kwoh et al.,1 using a PUMA
200 robot for frameless stereotaxy. Since then, research in
this field has expanded considerably. There are a number of
excellent reviews of surgical robotics.2–5 The most recent, by
Pott et al.,5 recorded 159 robotic devices in fields including
medical imaging, abdominal and thoracic surgery, ENT,
oral and maxillofacial surgery, neurosurgery, orthopaedics,
radiosurgery, trauma surgery and urology, and yet this review
was not exhaustive. Figure 1 shows the annual number
of publications found using three databases – PubMed,
IEEE Xplore and ISI web of knowledge under the search
term ‘surgical robot’ and including the terms ‘surgery’
and ‘robotic’. The results show a clear trend of increasing
* Corresponding author. E-mail: M.D.OToole@lboro.ac.uk
publications year on year since the opening phases of the
field. It is now widely accepted that surgical robotics is a
field of its own, distinct but not disconnected from the bulk
of robotic research.
Despite such growth, practical implementations of the
technology are rare. Few go on to clinical trials, and fewer
still to any kind of commercial exploitation. There are a
number of reasons, outside the roboticist’s control, which
can explain this discrepancy. It may, for instance, be simply
a matter of timing – that the field is still reaching a stage
of maturity where robotics is seen as a normal hospital
tool to improve clinical outcome rather than an extravagant
feature used by a few clinicians. Conservatism by the medical
device industry and medical authorities and the high cost and
lengthy process of approval to work on patients may also
play a significant part. Although these arguments carry some
weight, they are not wholly satisfactory in explaining such an
acute discrepancy. Flaws in the attributes and processes by
which some of the robotic systems have been realised must
also be considered.
Of the clinical trials that have been undertaken, the sur-
geons’ comments are often revealing. Complaints regarding
the ease of use and steep learning curves, the practicality
of having such equipment in the operating room and the
high capital cost associated with such systems are frequent
and are representative of the kinds of problems prohibiting
widespread adoption. Furthermore, it is rare that such trials
provide a clear demonstration of improved outcome over
conventional surgery. This can partly be attributed to the
limitations of the studies, but when considered against cost,
it is a vital factor in determining value.
The direction of future applied research must lie on the
foundations of the principles derived from past successes and
mistakes. With the volume of research proliferating, there is
real danger of this experience becoming lost under the mass
of new material, resulting in the repetition of flaws and the
wasting of effort and energy that could otherwise have been
usefully applied. A formal and structured methodology, used
to evaluate ideas and designs, is one approach to ensure that
standardised best practice is shared. Thus, proposed herein is
a design methodology that uses a hierarchy of criteria to act
as a framework in establishing the value of a surgical robotic
system. It is proposed that clinical acceptance is defined
by these criteria, and that the principles outlined should be
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embedded in any applied research that leads to a surgical
robotic system. A literature review of recent and current
commercial systems is then presented in the context of this
methodology and is discussed against the proposed set of
criteria.
2. Methodology for Effective Robotic Implementation
in Surgery
This methodology considers six points in evaluating a
surgical robotic system: clinical need, clinical effectiveness,
safety, cost, compatibility and usability. Each criterion can
be considered part of a three-tiered hierarchy, in the form of
an inverted triangle, that differentiates their importance, as
shown in Fig. 2. Each layer must be successively ‘filled’ for
the above to add value. Furthermore, the strength of the case
to complete each criterion does not add equal value but is
rather weighted according to their assigned tier – the bottom
tier being the most heavily weighted and the top tier the least
weighted.
The bottom tier, encompassing the criterion ‘clinical need’,
consists of the purpose and motivation behind the project.
A clinical need involves identifying the opportunity for
robotic assistance in surgery based on a current deficiency. A
clinical need is the most important element as it underlines
the entire purpose and specification of the robotic system.
The intermediate tier is related to the robotic system’s
performance, consisting of its clinical effectiveness and
safety. These requirements must be fulfilled to give the
robotic system value once a useful purpose (bottom tier) has
been established. If neither can be demonstrated, then the
robotic system may have a purpose but is unable to carry out
the role in an acceptable way. For instance, if there is a clear
role for a robotic system to improve a surgical procedure, but
the design of the system means that it cannot guarantee safety,
the system will be ineffectual despite having a purpose. The
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Fig. 2. A hierarchy of criteria for a surgical robotic system.
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Table I. Definition of research paths.
Surgeon-led research Research to improve surgical techniques, or develop new techniques, using existing medical devices and
technology, e.g.
–investigating the effect of the medical device on patient outcome and surgical process;
–exploring new techniques and methods for surgery by using existing devices in different ways.
Pure research Research into new surgical techniques that use new concepts or technology, e g. –co-development, between
surgeon and engineer, of novel treatments for which the technology is intrinsic.
Applied research Solving problems and inefficiencies in current surgical practice by creating new technology, e.g.
–developing a new tool or medical device;
–equipment to streamline surgical processes and protocols.
Engineering-led research Research into finding surgical applications for new engineering concepts, e.g.
–investigating surgical applications for systems which originally had a different engineering application;
–using new algorithms, mechanisms or devices in a surgical context.
top tier considers the robotic system practicalities. None of
the points in this layer would necessarily preclude a surgical
robotic system if left unfulfilled; however, practically, if these
are not addressed to some extent, it would be unlikely that
the system achieves wide acceptance. The boundary between
the intermediate tier and the top tier can be thought of as the
difference between a prototype and a product.
The six criteria that form the hierarchy shown in Fig. 2 are
now described. A clinical need is an established prerequisite
of any surgical robotic system program. It will ultimately
define the project goals and specification. Ideally, this should
come on the back of a research partnership with a surgeon
or other physician in the relevant area. Frequently cited
areas identified as a clinical need are in bone resection
tasks, minimally invasive surgery and stereotactic surgery.
These areas have all spawned commercial systems. To gain
acceptance, a robotic system must demonstrate competent
or better clinical effectiveness relative to a conventional
alternative and achieve a favourable cost-to-benefit ratio. This
effectiveness can be realised in a number of ways, e.g. better
success rate, reduced rate of complications, hospitalisation
time and reduced blood loss. Ultimately, the clinical
effectiveness of a device with respect to a conventional
surgical procedure, relative to its cost, will form the basis of
its acceptability to any decision-making medical authority.
A medical device is required to undergo a strict
and vigorous approval process to prove its safety in
practice, and surgical robotic systems are no exception.
An appropriate design methodology must be used that can
identify foreseeable risks and provide an appraisal of the
safety controls put in place to mitigate those risks. Safety
features vary from system to system. Common attributes
include redundant sensors, emergency brakes, watchdog
timers for control software, kinematics- and software-based
restrictions, etc. Some authors have limited the role of the
robotic system to increase safety, such as restricting to passive
roles, e.g. using the robotic system as a tool guide. On the
other hand, limiting the robotic system’s role reduces the
clinical benefit that it can add.
A surgical robotic system must be compatible first with
its environment and then with common surgical tools. In the
first instance, the environment that the system must operate
in must be considered. For example, if the robotic system is
required to operate in a small operating room, cluttered with
instruments, it must be equally suited.
Cost refers to the cost of the robotic system to the hospital.
Current commercial systems are expensive, particularly in
their initial capital costs. Furthermore, where funds to
cover these costs can be made available, the maintenance
(recurrent) inspection cost may also be a prohibitive factor.
This is considered in the top tier rather than in a lower
tier despite the fact that it can be, and is often cited as, a
significant prohibitive factor to adopting a surgical robotic
system. This is because, as a measure, it is highly variable
and not necessarily dependent on the robotic system itself.
Differences in business model and market trends could render
a device cheaper. Health-spending per patient is different
from country to country, and if effectiveness is shown, patient
demand may force finance to be made available.
Usability refers to the interaction between the surgeon and
the robotic system when operating. For example, the user
interface of the system must be easy to use and easy to learn,
particularly when the robotic system performs only a small
part of the procedure or is seldom used. The interface should
ideally be intuitive and comfortable to the surgeon’s natural
work flow. Overly complex and difficult to use interfaces add
to lead times of any system and can significantly increase
expense if the surgeon time is monopolised by training
and frequent refresher courses. Furthermore, complex and
misleading interfaces may increase instances of human
error. An interface must be carefully and ergonomically
designed to provide information needed by the surgeon
during a surgical procedure with the option to access auxiliary
information.
2.1. Alternative methodologies
Advances in the field of surgical robotics are the result
of work conducted through one of several research paths,
each with different aims, methods and requirements. The
methodology outlined in this paper is a single type of research
path, namely applied research, where the goal is to produce a
useful product. There are, in general, four different research
paths, namely surgeon-led research, pure research, applied
research and engineering-led research. The definition of each
is given in Table I with typical examples. It should be noted
that the research paths are not discrete but interlinked, and
there could be cases where one research path transforms into
another as a project evolves.
Surgeon- and engineering-led research paths are the
simplest of the different research paths. They have limited
http://journals.cambridge.org Downloaded: 25 Sep 2010 IP address: 86.2.110.82
300 A methodology for design and appraisal of surgical robotic systems
short-term goals and are relatively low-risk. The surgeon
and engineer can follow these lines of research mostly in
isolation from one another, and there is less need for the
difficult transition from one academic discipline, with its
own language, methods and culture, to the other. Their
principal aims are, in general, purely exploratory or are the
extensions of existing techniques or technology. Surgeon-
and engineering-led research paths make an important
contribution to development of the other research paths.
Engineering-led research is often the birthplace of ideas
and concepts that form part of the engineers’ collected
experience when developing new devices. Surgeon-led
research improves the way existing robotic systems are used,
in some instances, by finding new and more profitable uses
not intended by the original inventors. Conducting surgeon-
and engineering-led research contributes to the success of the
pure and applied research paths.
Pure research is the most challenging of the research paths.
The research goals tend to be nebulous, refined or abandoned
as the research proceeds. This makes it difficult to define any
clear structure or methodology to follow. It is fundamentally
a non-linear process. It is also lengthy, requiring many years
of research effort before any tangible results are gained, and
high-risk, as there is a chance that no tangible results will
ever occur. On the other hand, successful pure research has
the most potential of all the research paths to fundamentally
revolutionise surgical methods and improve patient
outcome.
The pure research path generally involves both the
surgeon and the engineer co-developing the problem. This
requires a close surgeon–engineer relationship, with a
high degree of cross-disciplinary interaction. Some state-
of-the-art developments are following this research route,
establishing a clinical need by co-developing novel treatment
modalities for which robots are intrinsic. For example, the
HeartLander robot proposes a novel design for a surgical end-
effector.6 This system uses a miniature two-footed crawling
robot that is able to attach and crawl across the epicardial
surface of the heart and thus allow the surgeon to reach
difficult areas to deliver myocardial injections or use other
microtools through the robot’s 2-mm working port without
immobilising the heart.
Micro-robotics is another example of a pure research
project with potentially significant development for robotics
in surgery – though it has yet to be fully realised in any
practical or commercial sense. However, potential areas for
exploitation of this technology include microsurgery, cell
handling and sensing and diagnosis, within the intraocular,
cardiovascular and inner ear environments. A variety of
designs have been proposed. Lu and Kim7 suggested a
four-fingered microhand, actuated by inflating balloons at
the joints, for the manipulation of small objects, such as
cells. Other authors have advocated the use of swimming
micro-robots to effectively extend the surgeon’s reach inside
the body without the need for invasive interventions. Such
technology could be useful as a diagnosis facility by
supplying specific information direct from the location under
examination. A variety of swimming mechanisms have
been proposed, including electromagnetic fins,8 oscillating
elastic tails actuated by piezoelectrics,9 the use of external
magnetic fields10 and biomimetic propulsion based on the
flagellar motion of prokaryotic microorganisms.11 Dario and
Menciassi12 are in the process of developing a capsule with
legs which would enable it to crawl in the body for endoscopic
analysis of the gastrointestinal tract. Such devices are in an
early state of development, but there may be considerable
potential to create new and possibly revolutionary operative
methods if and when this technology matures.
Applied research is between the other research paths in
terms of difficulty. In general, it has one overall goal –
the development of a surgical robot for a specific task.
The surgeon–engineer relationship is more traditional with
precise roles; the surgeon is effectively the client who decides
the problem and provides feedback, the engineer is the
problem-solver and product developer. The research is linear
and a methodology, such as that described in this paper, could
be followed to improve efficiency. Applied research is rarely
revolutionary; however, in the medium term, it is the most
likely of the research paths to produce new systems that have
a clear effect on surgical methods.
3. Evaluation of Commercial Surgical Robotic Systems
Eleven commercial surgical robotic systems are evaluated
against the methodology outlined in Section 2. The criterion
for selection is that each robotic system has had published
clinical trials listed in the PubMed database after 2005.
A complete list of the robotic systems including a brief
description of their function is included in the appendix.
AESOP R© and ZeusTM are no longer promoted systems as
of a recent merger between Computer Motion Inc. and
Intuitive Surgical Inc., though both products continue to be
supported. ROBODOC R© was until recently withdrawn from
sale after Integrated Surgical Systems temporarily ceased
operations due to financial difficulties; however, it has re-
emerged with financial backing from Novatrix Biomedical
Inc. The Naviot R© system was withdrawn due to low sales and
limited popularity of the device. Acrobot R©, SpineAssist R©
and PathfinderTM are still under development and thus have
few clinical trials and few units sold at present. Cyberknife R©
and the da Vinci R© system are two of the more established
robotic devices with a large number of clinical trials.
Clinical trials are chosen from the PubMed database using
the robotic system name as a search term. The trials for each
system and their respective quality score are shown in Table
II. In the cases where the collected pool of evidence is small,
all published clinical trials in English language are used for
assessment. These are categorised as ‘exhaustive’ in Table
II. For those with a large number of published trials, only
larger studies (more than a hundred participants) in English
language and post-2005 are used. These are categorised as
‘2005+, 100+’ in Table II. The study size criterion for
AESOP and Zeus is omitted to retain sufficient evidence for
assessment of the device. This is categorised as ‘2005+’. The
purpose of the chronological threshold is to ensure that the
trials represent the most up-to-date version evidence.
The trials for the da Vinci system are further refined to radical
prostatectomy procedures to reduce the number and for ease
of comparison. To date, radical prostatectomy is the most
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Table II. Surveyed clinical trials and classification.
Clinical evidence (referenced papers)
Evidence
System High Moderate Low Very low selection
Acrobot – 20 – – Exhaustive
AESOP 23 – 24,25 – 2005+
Cyberknife – – 26–28 – 2005+, 100+
da Vinci 14,29,30 15,16 – – 2005+, 100+
EndoAssist – – 24,31,32 – Exhaustive
Naviot – – 33 34,35 Exhaustive
NeuroMate – 22 – – Exhaustive
Pathfinder – 36 37 Exhaustive
ROBODOC 38 17 39 – 2005+, 100+
SpineAssist – – 40,41 – Exhaustive
Zeus – 19,21,42 – – 2005+
Table III. GRADE evidence classification scheme13.
Grade of evidence Criteria for assignment
High Randomised controlled clinical trial or
systematic review
Moderate Upgraded observational study or downgraded
randomised trial or systematic review
Low Observational study
Very low Other evidence
common and successful procedure to be performed by this
system.
Each clinical trial is assigned a quality grade: high,
moderate, low or very low. The grades are based on
definitions of the GRADE evidence classification scheme.13
The criteria for each grade of evidence are summarised in
Table III. Clinical trials can be assigned higher or lower
scores depending on their individual merit or demerit.
The study of ref. [14] is an observational study; it is
upgraded twice from low to high, because it has a large
sample size and also it directly compares robotic and non-
robotic alternatives. The large sample size suggests that
evidence of association is likely to be strong. The comparison
of robotic and non-robotic alternatives is non-randomised;
however, patients are given a choice about treatment options.
Bias towards a particular treatment is exposed by the patients’
selection. References [15] and [16] are observational studies;
these are upgraded once from low to moderate, because these
have large sample sizes with directly measurable effects. The
study of ref. [17] is an observational study; it is upgraded
once from low to moderate, because it directly compares
robotic and non-robotic alternatives. References [18] and
[19] are observational studies; these are upgraded from low to
moderate, as these directly compare robotic and conventional
surgery in a non-randomised trial. References [20] and [21]
include randomised clinical trials; these are downgraded
from high to moderate, because these have a small sample
size. Reference [22] is a randomised clinical trial; it is
downgraded from high to moderate, because there is no post-
operative follow-up of the patients. Reference [23] is a review
paper; it is downgraded twice from high to low, as there is no
comparison with alternative therapies, and few meaningful
metrics are given to compare between surveyed trials.
3.1. Clinical need
The establishment of a clinical need should always be a
precursor to the development of a surgical robotic system in
applied research in order to ensure that the initial stages of
the design specification are clinically driven, with a problem
definition and thus clear objectives. Therefore, a deficiency
in current surgical practice must first be identified; then the
possibility that a robotic system may form part, or all, of
the solution must be evaluated. Ideally, this definition phase
will be based on a systematic approach led by a research
partnership between surgeon and engineer, where the surgeon
can provide a source of reference on the surgical procedures
and critically evaluate proposed robotic solutions.
The major areas of clinical need among the evaluated
commercial systems are shown in Table IV. They include
bone resection, endoscope control, frameless stereotactic
systems, minimally invasive surgery, screw placement and
radiosurgery. Each area has a clearly defined deficiency in
current surgical practice. Minimally invasive surgery, for
example, is a technique able to minimise surgical trauma
to the patient by performing surgical tasks through small
incisions in the skin using trocars and microtools. However,
such a technique is known to have a number of drawbacks
for the surgeon. These include reduced depth perception from
the use of an endoscopic camera, difficult hand–eye–target
coordination, magnification of hand tremor through long
instruments (e.g. the trocars), limited range of motion and
degrees of freedom, reversed motion through the fulcrum
point at the skin incision, limited tactile feedback and
increased fatigue due to camera instability.43 Furthermore,
there are a number of difficulties over the control of the
endoscopic camera which, during surgery, is given to an
operative assistant who must attempt to align the view of
the camera according to the surgeon’s instructions. The
use of robotic systems for the control of an endoscope
(camera), such as AESOP, EndoAssistTM or Naviot, can
address this disadvantage by allowing the surgeon to control
the camera directly through a convenient control interface
such as a foot pedal or a finger joystick, or through more
sophisticated means such as voice control or motion of
the surgeon’s head.44,45 More comprehensive, and thus more
expensive, robotic systems, such as the da Vinci system or
the Zeus system, go beyond simple camera manipulation by
performing entirely minimally invasive interventions inside
the body under direct surgeon control. Such robotic systems
are based on a master–slave architecture that allows for
processing and augmentation of the surgeon’s inputs at the
master-control for physical realisation at the slave-robot. The
outcome of this is that the robotic device can mitigate many
of the disadvantages of the minimally invasive technique by
providing more precise and controlled motions at the robot
tip, in addition to a more intuitive and user-friendly interface
at the surgeon’s console.
The accurate resection of bone or precise alignment tasks
such as pedicle screw placement in the spine and the locking
of an intramedullary nail in femoral shaft fractures require
a relatively high degree of three-dimensional accuracy. This
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Table IV. Description of clinical need.
Clinical need Description Robotic systems
Bone resection The accurate cutting of bone in, for example, knee joint surgery (Acrobot) and for
placement of prostheses or implants.
• Acrobot
• ROBODOC
Endoscope control Robot holds and moves an endoscopic camera under surgeon control during
minimally invasive surgery. Normally held by an operative assistant who must
attempt to predict the optimum view based on the surgeon’s instructions, and hold
the camera steady with minimum tremor.
• AESOP
• EndoAssist
• Naviot
Frameless stereotactic surgery A stereotactic frame is used to align a tool-guide with a calculated desired trajectory.
The frame is mounted (post pre-operative imaging) on to a base ring, which is
attached to the patient’s head prior to pre-operative imaging. Attaching the base
ring to the patient’s head requires an additional procedure.
• NeuroMate
• Pathfinder
Minimally invasive surgery Performing surgery through a set of small incisions in the body using trocars with
microtools at the distal end, and an endoscopic camera.
• da Vinci
• Zeus
Screw placement Accurate placement of screw/nails in surgery. For example, the placement of pedicle
screws in lumbar spinal fusion or locking of intramedullary nail in femoral shaft
fracture.
• SpineAssist
Radiosurgery Use of targeted radiation doses to ablate malignant tumours and benign lesions. High
levels of accuracy required to make radiation dose conform to tumour shape and
minimise damage to surrounding tissue. Often performed with a stereotactic frame.
• Cyberknife
is a challenging task for a surgeon to perform manually as
it requires a complex transformation from imaging data to
physical space. A robotic system can register its workspace
to an image set and is thus able to perform a part or the
entire procedure either actively – for instance in the case of
ROBODOC which performs bone resection autonomously –
or passively by providing guidance for the surgeon to perform
the procedure accurately – for instance SpineAssist, a robotic
device that is attached to the spine to provide a physical guide
for the surgeon to orientate the pedicle screws. Acrobot, in
contrast, is a hybrid of active and passive systems which uses
active force control and dynamic constraints to restrain the
surgeon’s freedom. In this case, the surgeon retains direct
control of the end-effector (cutting tool), but is constrained
by the robot to cutting within a permitted region programmed
pre-operatively using imaging data.
A stereotactic frame is a mechanical device that is
commonly used in neurosurgery for precise targeting of
structures within the cranium. However, the disadvantages
associated with these frames include the following: (1) a
secondary procedure is required to fit the base ring of the
frame, (2) the frame is bulky and uncomfortable for the
patient and (3) guide positioning can be time-consuming
and is a potential source of errors.46 Robotic systems, such
as NeuroMate R© and Pathfinder, have thus been proposed
that can register to pre-operative images and can provide an
accurate frameless option for guide positioning. Similarly,
robotic systems such as Cyberknife have been used to
overcome the problems associated with stereotactic frames
in radiosurgery procedures – the treatment of brain disorders
using ionising radiation – with additional benefits such as
extracranial radiosurgery and motion tracking.27
3.2. Clinical effectiveness
A surgical robotic system must demonstrate at least
equivalent levels of effectiveness to a conventional non-
robotic approach to gain clinical acceptance. Furthermore,
the decision to adopt a robotic system for surgery will
ultimately be based on a cost-to-benefit ratio and so a system
that can demonstrate effectiveness greater than a non-robotic
intervention will have a high potential for success.
Effectiveness can be assessed through direct comparison in
clinical trials. The ideal clinical trial has a large sample group,
is randomised and double-blind and is multi-centred to take
account of differing surgeon skills and methods and hospital
protocols. However, in practice it can be difficult to build a
sufficiently large body of evidence of this kind of quality to
draw conclusions regarding a system’s effectiveness. Firstly,
this process is costly, time-consuming and takes a number
of years to complete. Most surgical robotic enterprises are
small and lack the infrastructure and resources of major
organisations. Secondly, it is difficult to directly compare
non-robotic surgery to robotic surgery. Surgical methods and
experience differ between surgeons and institutions, with
some having better, and some worse, than average surgical
outcomes. Thus, when comparing the results of a robotic
surgery with a non-robotic equivalent surgery, the difference
in outcome could be overstated or understated. Clinical trials
are a vital resource for assessing effectiveness; however, more
high-quality trials are necessary for robust assessments.
The evidence for effectiveness of each of the surgical
robotic systems is summarised in Table V. The information
is taken from a review of clinical trials referenced in
Table II. Three metrics are considered and compared to a
specific non-robotic procedure: functional or symptomatic
outcome, operative outcome and failure rate. Functional
or symptomatic outcome is the resulting benefit to the
patient’s quality of life after the operation, for instance,
the time taken for the patient to regain some previously
impaired function, e.g. walking. Operative outcome refers to
measurable improvements in the performance of the surgery.
Examples include accuracy, blood loss and occurrences of
minor complications. Functional or symptomatic outcome is
the more important of these two outcomes as it is directly
linked to the patient’s recovery. Operative outcome is only
of value if it conveys some post-operative effect. Both
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Table V. Review of clinical trials for clinical effectiveness.
Changes in functional/symptomatic Fail Evidence
Robotic system Comparative surgery outcome Changes in operative outcome rate (%) quality
Acrobot Arthroplasty Median AKS scores at 6 weeks: 3
(approx.)
Proportion of resections within
2◦ of planned position: 2.5
NR Moderate
AESOP Laparoscopic
cholecystectomy
NR NR NR High
Laryngoscopy Low
Cyberknife GammaKnife R©
radiosurgical
system
Progression-free survival: 0.98
Radiation-related morbidity: 0.1
Can treat extra-cranial tumours
Can treat moving parts, e.g.
lungs Proportion of patients
that can be treated: 1.46
NR Low
LINAC Progression-free survival: 0.98
Radiation-related morbidity: 0.15
Low
da Vinci Laparoscopic radical
prostatectomy
Proportion of patients continent
after 3, 6, 12 months: 0.96–1.43,
1.01–1.12, 1.03–1.53 Sexual
potency: 0.57–1.23
Blood loss: 0.37–0.48
Complication: 0.42–0.78
PSM: 0.64–1
NR High
Open radical
prostatectomy
Proportion of patients continent
after 3, 6, 12 months: 1.28–1.35,
1.11–2.12, 1.08–1.52 Sexual
potency: 0.66–1.12
Post-operative pain scores: 0.45
Blood loss: 0.1–0.27
Complications: 0.33–0.64
PSM: 0.53–1
EndoAssist Laparoscopic
cholecystectomy
NR NR NR Low
Laparoscopic radical
prostatectomy
0%
Naviot Laparoscopic
cholecystectomy
NR NR NR Low
Thoracic surgery Very low
NeuroMate Stereotactic
neurosurgery
Score on UPDRS: 1 (approx.) Accuracy: 1 or less (approx.) NR Low
Pathfinder Stereotactic
neurosurgery
NR Accuracy: 0.5 (approx.) NR Low
ROBODOC Arthroplasty Proportion of patients gaining
walking ability in <13 days: 1.34
Blood loss: 0.75 MDA after 2
yrs: 1.01 Fracture: 0/6∗
Average position error: 0.65
NR High
NR Accuracy: 0.53 Proportion of
good fit with implant: 1.76
Moderate
NR 9.3 Low
SpineAssist Pedicle screw
placement
NR Proportion of screw placement
within pedicle: 1.15–1.23
6.5–6.7 Low
Zeus Laparoscopic
cholecystectomy
NR Number of cleanings: 0.24 0% Moderate
Laparoscopic
adrenalectomy
NR
NR: none reported; (approx.) indicates that the ratio is derived from qualitative statements or subjective or imprecise data; AKS: American
Knee Society; UPDRS: Unified Parkinson’s disease rating scale; MDA: Merle d’Aubigne score; PSM: positive surgical margin.
Numbers in bold are ratios of robot performance and comparative surgery performance.
∗Performance given as a fraction because ratio is zero (as there is a zero in robot performance).
outcomes are assessed relative to a comparative surgical
procedure using ratios (in bold in Table V) equal to robot
performance divided by comparative surgery performance.
For example, a high ratio for accuracy indicates that better
accuracy is obtained for the robot system compared to the
non-robotic procedure. The third metric is failure rate, which
considers instances of breakdown of the robotic system or its
supporting components. In many cases, system failure leads
to completion of the surgical procedure using conventional
techniques. Thus, high failure rate diminishes the justification
for the robotic system. The strength/validity of each result in
Table V is assessed by the respective evidence quality in the
last column using the GRADE system described previously
(Table III).
There is significant evidence of improved operative
outcomes as a result of robotic assistance in surgery. Robotic
systems developed for bone resection, stereotactic surgery
and screw placement (Acrobot, ROBODOC, Pathfinder,
NeuroMate and SpineAssist) all show either improved
accuracy (ratios below 1) or a higher proportion of correct
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placements (ratios above 1) when compared to conventional
surgery. The da Vinci system showed reduced blood loss
during operation (ratio below 1) and higher precision when
resecting tumourous material (positive surgical margins
with ratio below 1) when compared to both open and
laparoscopic procedures. The ROBODOC system also had
reduced blood loss. The Cyberknife system has extended
the scope of radiosurgery by increasing the proportion of
patients, and the types of tumours which the therapy can
safely treat. The endoscopic systems (AESOP, EndoAssist
and Naviot) reported no change in operative outcome,
because the principle objective for endoscopic systems is for
cost reduction and increased surgeon control, i.e. reducing the
size of the operative staff, and hence no change in operative
outcome would be expected.
There is less evidence to show improved functional or
symptomatic outcome – in contrast to the evidence for
improved operative outcome. Only the Acrobot, Cyberknife,
da Vinci and ROBODOC systems have evidence to
indicate improvement in this metric. Acrobot has shown
improvement in the median American Knee Society scores
post-operatively in a randomised controlled clinical trial.
However, the sample size of the study was small – the
Acrobot system was used only on 13 individuals. Despite
the result being statistically significant in the study, larger
studies are necessary for validation. ROBODOC showed
functional or symptomatic benefit in a larger randomised
trial – it was used on 78 patients. However, the link between
use of the system and functional benefit is unclear. The larger
proportion of patients gaining the ability to walk within 13
days in the ROBODOC group only just reaches statistical
significance. The study found no overall statistically
significant difference between the two groups in the overall
time required to gain the ability to walk. The Cyberknife
system has some evidence to show lower radiation-induced
morbidity. However, the evidence quality grade is low.
The da Vinci system has shown improved return-to-
continence rates and sexual potency when compared to
conventional laparoscopic and open radical prostatectomy
procedures. For the latter procedure, the da Vinci system
has also shown decreased post-operative pain. Functional or
symptomatic outcomes are assessed through periodic patient
follow-up, which is conducted through questionnaires and
interviews. Consequently, there is the risk of bias skewing
the results if the trials are not blinded. The bulk of the
evidence for the da Vinci system is based on unblinded
large single-centre observational studies. Evaluation of the
da Vinci system has used systematic reviews of these clinical
trials. This improves the quality of the evidence significantly
by comparing results from different institutions, but there is
still a high risk of bias in follow-up investigations. This risk
may increase as the public profile of the da Vinci system
grows through exposure in media outlets and advertising.
There is insufficient published information in the surveyed
literature to assess the failure rate, and therefore the
reliability of the robotic systems. In the clinical studies,
technical failures are rarely reported. One interpretation of
this omission is that failures are sufficiently uncommon
to be negligible; however, a more quantitative analysis is
necessary.
Robotic assistance in surgery could improve operative
outcomes such as reduced blood loss, greater precision or
increased accuracy. However, improved operative outcomes
do not always translate into functional or symptomatic
benefits for the patient. The surveyed clinical evidence shows
limited improvement in functional or symptomatic outcomes
in contrast to the significant improvements in operative
outcomes. This can be partly attributed to limitations in
the clinical evidence base, which prevents inference of any
conclusive long-term and post-operative trends.
3.3. Safety
In addition to effectiveness, safety compliance is a major
design requirement in surgical robotic systems. Unlike
traditional robotics, where the assumption has been that an
operator will be isolated from the robot’s workspace while
in operation, surgical robotic systems work either invasively
or in close proximity to a patient or surgical team. Thus far,
designers have drawn on a number of common approaches
to ensure safety in their design. For example, restricted
motion and force, redundant sensors and hardwired manual
emergency methods have all been employed in different
arrangements for both commercial and research systems.
These approaches can be restrictive to a robot’s function.
For instance, restricting motion and force limits the range of
possible tasks the robotic system can perform.
A rational structured methodology is a key requirement
to proving safety. As yet, no specific standard exists for
medical robots, but a number of standards do exist for medical
devices (IEC601, ISO 14971), industrial robotics (ISO
10219) and safety-related systems (IEC 1508) from which
the principal features can be extracted. A number of authors
have published methodologies that ensure safety based on
their experience in the design and development of a surgical
robotic system. These methodologies include the hazard
identification and safety insurance control (HISIC) method,47
an evolutionary prototype method48 and a unified modeling
language (UML)-based approach.49 In broad terms, safe
design can be seen as a four-step, iterative and evolutionary
process, consisting of a system definition phase, a risk
identification and quantification phase, a risk control phase
and a risk evaluation phase. These phases are clarified below.
To produce a system definition the system must be
described in terms of its function, its relationship with the op-
erator and patient and its relationship with other third parties –
such as maintenance engineers or setup technicians –
required for it to operate correctly. This effectively requires
(1) a thorough task analysis, considered holistically, i.e. set
up before, during, and after operation, as well as during
storage; (2) a task allocation exercise to fully appreciate the
robot’s function and how it interacts with its environment
and patient/operators; (3) a functionality analysis to define
the system and its subsystems; and where appropriate, (4) the
identification of safety critical limits that form the boundary
between safe and unsafe states.
The aim of the risk identification phase is to identify
all hazards, their consequences and their risks and to
categorise these risks by order of priority. Seven major
areas of risk in surgical robotics have been identified as
image processing and planning, registration, robot motion,
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Table VI. Examples of safe design in surgical robotic systems.
Design
method Examples
Redesign to
eliminate
hazards
• Non-invasive
• Mechanically locked centre of rotation about
incision point
• Mechanically locked when in position
• Excessive motion detection
• Dual sensors to disable robot if discrepancy
detected
• Direct surgeon control with robot augmenta-
tion (master–slave)
Protection
and
safeguards
• Velocity limiters
• Limited possible motion/work envelope
• Slip clutches to limit applied torque/force
• Software defined no-go zones
• Low–powered
Warning user
of danger
• Visible difference between sterilisation and
draping parts of robot
• No go zones for operator and patient
• Clear HMI (human–machine interface)
reliability of control, vigilance (i.e. the ability of the surgeon
to take action), hygiene/sterilisation and clinical work flow.50
Formal methods for the quantification of risks include fault-
tree analysis, event tree analysis and failure mode effects
analysis.
The risk control phase is to put in place measures to
reduce the risks identified in the risk identification phase
to a state where they are eliminated or negligible or ‘as
low as reasonably possible’ (the ALARP principle). Risk
can be mitigated by reducing either the probability or the
severity, or by a combination of both. There are three design
methods that can be used in order to derive appropriate
risk control measures. These are redesigning to eliminate
hazards, control through protection and safeguards and
control through user warnings.51 Each method encompasses
a number of specific techniques for safe design. Redesigning
to eliminate hazards includes designing redundancy in the
system or designing for intrinsic safety; protection and
safeguards can be achieved by using limiters and providing
for ‘graceful degradation’ or fault tolerance; and finally, user
warnings involves mitigating risk through communication
with the user and allowing their actions and judgement to be
used to reduce the risk. Table VI gives examples of ways in
which the risk control methods outlined have been realised
in the reviewed surgical robotic systems.
The risk evaluation phase is to evaluate the control
parameters put in place in the risk control phase and assess
their suitability in the overall design of the system. Where
a parameter is found to be unsuitable, the process must
be repeated with the parameter replaced or modified. This
repetition makes the process both iterative and evolutionary.
The use of robotic systems in a surgical environment
necessitates that sterilisation be considered in the design.
This can be a challenging condition as traditional sterilisation
techniques are aggressive and not always compatible with
conventional robotic components. For instance, autoclaving
is a common and popular method of sterilisation due to
its rapidity and availability. However, not all electronic
components that are used in the autoclaving process are
able to withstand temperatures over 100◦C. The most
common approach to maintaining a sterile environment is
to partly cover the surgical robotic device with surgical
drapes and use a sterilisable end-effector. This method is
not entirely satisfactory because of the need for attachment
mechanisms needed to secure the end-effector and to transmit
sensing and/or drive signals between the draped part and the
sterilisable (or disposable) part.
3.4. Compatibility
Compatibility is considered in two respects: compatibility
with existing medical equipment and compatibility with the
robotic system’s working environment. There are no reports
of compatibility issues with existing medical equipment
within the surveyed literature. This could be because no
problems were observed during the clinical trials. However,
compatibility was not a focus of any of the surveyed clinical
trials, but a peripheral issue compared to system efficacy.
Many of the clinical trials are small, one-off events run by a
host institution. Any problems with equipment compatibility
would likely become more apparent with wider use, e.g. high-
frequency use would cause compatibility issues to become
more of an annoyance to the user, and use in multiple centres
would expose the system to a wider variety of different
equipment options.
The size of the robotic system is the most prominent issue
of environmental compatibility. Operating rooms are often
small and cluttered spaces. The large footprint of most of the
robotic systems can cause an obstruction that interrupts
the surgical team’s work flow. One notable exception is
the SpineAssist system, which has been designed to have
a minimised footprint – around the size of a drinks can. This
unfortunately has been at a cost to its usability, where its small
size has, on occasions, prevented it from reaching a target,
requiring intra-operative repositioning by the surgeon.
3.5. Cost
A surgical robotic system could be a considerable capital
expense. A high initial outlay will not necessarily prevent
a device from being adopted as long as it fulfils the
criteria of clinical need and safety and can demonstrate
clinical effectiveness. However, high cost can limit the
implementation of a robotic system to larger hospitals,
research institutions and expensive private clinics. This has
certainly been the case with the da Vinci system. Two studies
analysing the cost of the da Vinci system have been published,
one comparing retropubic (open) radical prostatectomy
(ORP) to robotic radical prostatectomy (RRP),52 and a
second comparing the same procedures with laparoscopic
radical prostatectomy (LRP).53 Costs were approximated
for a private academic medical centre and a public county
hospital. In both cases, the initial capital cost of the da
Vinci system was assumed to be amortised over 7 years.
The results of both studies show RRP to be the most
expensive treatment option under normal circumstances:
costing $1726 and $1,239 more per procedure than ORP and
LRP respectively in the county hospital, and between $195
and $783 more than ORP in the private medical centre, using
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Table VII. Robotic system usability.
Robotic system Comparative surgery Operative time Learning curve Evidence quality Surgeons’ comments
Acrobot Arthroplasty 1.18 (nSF) NR Moderate
AESOP Laparoscopic cholecystectomy 1.28 NR High
Laryngoscopy 1 (approx.) 4a (approx.) Low Voice commands not always
effective due to background
noise
Cyberknife Gammaknife NR NR Low
LINAC
da Vinci Laparoscopic Radical
prostatectomy
0.6–0.83 20a High Operating from workstation
increases surgeon comfort
150b Moderate Lack of force feedback
EndoAssist Laparoscopic cholecystectomy −10 min 3a Low One of the six surgeons found
the device unsuitable and
was excluded from study
Laparoscopic radical
prostatectomy with AESOP∗
−31.3m (nSF) NR Low No speed adjustment. Large
camera panning was slow
Naviot Laparoscopic cholecystectomy 1.19 NR Low
Thoracic surgery +10 min (approx.) NR Very Low
NeuroMate Stereotactic neurosurgery NR NR Low Pre-operation required for
registration
Pathfinder Stereotactic neurosurgery 0.77 NR Very low
ROBODOC Arthroplasty 1.2 NR High Pre-operation required for
registration
SpineAssist Pedicle screw placement +15 min (approx.) 15b (approx.) Low
Zeus Laparoscopic cholecystectomy 1.57 1.32 NR Moderate
Laparoscopic adrenalectomy 1.43 20b h Moderate
NR: none reported; (approx.) indicates that the ratio is derived from qualitative statements or subjective or imprecise data.
Numbers in bold are ratios of robot-performance and comparative surgery performance.
∗ AESOP was controlled by remote control rather than by voice activation (as is typical).
Operative time:
+/−: Additional (+) or reduced (−) minutes to overall operating time.
nSF: No statistical significance.
Learning curve:
aNumber of attempts before parity with a conventional procedure.
bNumber of attempts before plateau of the learning curve.
post-operative ‘lengths of stay’ based on other specialist
centres (2.5 days) and the U.S. national mean (3.5 days)
respectively. The principal discrepancy between the two sets
of figures is the daily cost of hospital stay, which is higher in
the private academic medical centre ($840 per day vs. $474).
Therefore, in order for ORP to be cost-equivalent with RRP,
hospital stay would have to be approximately $950 per day.
Changes in hospital-stay costs would not reduce the cost
advantage of LRP compared to RRP as they both have the
same length of stay.
As shown in these studies, despite the popularity of
the da Vinci system, particularly in the United States, the
purely financial case for adoption in surgery is weak, even
in specialist surgical centres. However, as for any robotic
system, the financial case must take into account the clinical
effectiveness.
3.6. Usability
The ease of use of a robotic system, or its usability,
can be very subjective, dependent on the user’s personal
view, experience and propensity towards new technology.
Usability can also be a very broad term, encompassing all
aspects of the system ergonomics, interface, performance
and intuitiveness. Here, we define usability according to two
quantitative metrics: time of operation and learning curve.
Time of operation is defined as the time from initial setup to
completion of the operation. The learning curve is defined in
two ways: (1) the number of attempts before the operative
time reaches parity with the non-robotic procedure, and (2)
when the surgeon’s operative time does not change with more
attempts (the learning curve plateaus). Usability information
for the surveyed clinical trials is summarised in Table VII.
An additional column is included for general comments made
by surgeons. Though this is subjective, it is nonetheless of
interest as it provides insights that may not be directly evident
in the chosen metrics.
The clinical trials for the da Vinci, EndoAssist and
SpineAssist systems have information relating to learning
curve. However, this information is obtained from speculative
assessments based on experience of the operators. The
learning curves are relatively short for the EndoAssist and
SpineAssist robotic systems. The da Vinci system has widely
varying judgements on the length of the learning curve and
no conclusion can be reached. The learning curves are not
overly important in the majority of the robotic systems as they
do not substantially change the work flow of the operation.
However, the minimally invasive systems (da Vinci and Zeus)
substantially change the way the procedure is performed
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– the entire process is performed with the surgeon at
a console. For minimally invasive systems, however, the
question is not the length of the absolute learning curve,
but the length of the learning curve relative to conventional
laparoscopic surgery.
All the surgical robotic systems include information on
operative time. In general, most robotic systems reduce the
overall operative time (ratios less than 1) despite additional
setup requirements. The exceptions are Naviot, ROBODOC,
SpineAssist and Zeus. Acrobot also increased operative time
on average; however, this was not statistically significant
when compared to conventional arthroplasty. The EndoAssist
system had lower operative times; however, one of the six
assessed surgeons had to abandon the study due to difficulties
in using the device. This problem was not reported in clinical
trials for other systems, though it may still have occurred.
The results for operative time are indicative rather than
conclusive. A fair assessment would require a range of
surgeons with different skill levels. The surveyed clinical
trials tend to be single-centred with only a small number of
participating surgeons. Furthermore, operative times change
with familiarity. Despite the limitations of the evidence,
surgical robotic systems overall have a positive impact on
operative time.
4. Conclusions
The rate of growth of surgical robotics in the academic field
has continued to increase over recent years. As a practical
commercial reality, this impact is disproportionately low. It is
important for the transfer of research into commercial reality
that the surgical robotic community learn to build on its
strengths and mitigate its weaknesses. With the proliferation
of research in this field expanding the mass of literature, there
is an increasing danger that past lessons will be overlooked.
Research in surgical robotics can be divided into four main
research paths, namely surgeon-led research, engineering-led
research, pure research and applied research. A methodology
for applied research has been presented, which can be used to
critically evaluate a perceived robotic opportunity in surgery.
The applied research methodology consists of six criteria
which are used to evaluate a surgical robotic system;
these are clinical need, clinical effectiveness, safety, cost,
compatibility and usability. The respective importance of
each criterion is determined by its position in a three-tiered
hierarchy, consisting of the most important in the bottom
tier, the medium important in the intermediate tier and the
least important in the top tier. The division of criteria into
the individual tiers is as follows: the base tier consists of
establishing the clinical need, the intermediate tier consists
of safety and clinical effectiveness and the top tier consists
of compatibility, cost and usability. Furthermore, the value
added by performing well against a particular criterion is
dependent on satisfying the criteria in the tiers below it. For
example, a strong performance against one of the criteria in
the top tier will only add value to a robotic system if the
criteria of the bottom and intermediate tier can be shown to
have been satisfied.
All the robotic surgical systems described achieve the
bottom tier of the hierarchy, establishing a clinical need by
identifying a deficiency in current surgical practice, and by
outlining a method by which a robotic system can form a part
or all of a solution. One of the reasons for the considerable
success of the da Vinci robotic system relative to the other
robotic systems is that it has been designed to mitigate the
disadvantages of a surgical technique, and thus has multiple
applications, wherever this technique can be applied.
The evaluated robotic systems also satisfy the criteria of
the intermediate tier, although to a more variable degree
compared to the bottom tier. For instance, while surgical
robotic systems are able to demonstrate competence in
clinical effectiveness and are safe to use, they cannot clearly
establish improved symptomatic outcome, even when the
surgical improvement is clear and measurable. The pool of
clinical evidence is relatively small, and is of insufficient
size and quality to provide conclusive results. Evaluation
against the top tier gives an even more variable outcome,
with many robotic systems scoring well in one criterion but
not in others. For example, the da Vinci system offers superior
usability when compared to the difficulties of minimally
invasive surgery, but is expensive to buy and run (service
costs) as well as difficult to fit in a standard operating room.
The mixed results of the top tier have not precluded any
of the robotic systems from having some success, but from
the frequent surgeon comments referring to these criteria as
disadvantages, it is undoubtedly a restraining factor.
The lack of fulfilment of the criteria of the top tier, namely
cost, usability and compatibility, acts against these commer-
cial systems – with most robotic systems scoring well only
in one of the categories. However, the most significant con-
tributory factor is perhaps that the robotic systems reviewed
cannot show significant improvement relative to their cost. It
is argued that, in the main, the absence of solid and tangible
evidence of improved symptomatic outcomes is responsible
for restraining the wide take-up of surgical robotics.
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Robotic systems Evaluation
AESOP Purpose: Endoscopic manipulator.
(Intuitive Surgical,
Sunnyvale, CA, USA)
System: Robot is fixed to the operating table. Present system is designed to be anthropomorphic to a
human arm. Comprises four motorised joints, two passive joints and one manually adjusted joint to
give 7 degrees of freedom (DOF). System was initially controlled by foot pedals but later modified
to use voice control.
Acrobot Purpose: Bone resection in knee joint surgery.
(Acrobot Ltd, London, UK) System: Consists of CT-based planner, a robot consisting of four-axis gross positioner and three-axis
‘active constraint’ robot with milling cutter. Surgeon guides the cutter. Robot ‘actively constrains’
the surgeon’s motions to within a fixed envelope designated in the pre-operative planner.
Cyberknife Purpose: Used in stereotactic radiosurgery (SRS).
(Accuray Inc., Sunnyvale, Ca,
USA)
System: Consists of a six-joint, 6DOF robotic manipulator with a compact linear accelerator as
end-effector. The manipulator is able to position the linear accelerator according to trajectory data
provided by pre-operative plan. X-ray sources based in the floor and ceiling register pre-operative
images and track the patient using the skull and spine. Surface fiducial markers and optical camera
can also be used when target tracking is used, e.g. if treating the lung, breathing motion can be
tracked, precluding the need for a complex gating system.
da Vinci Purpose: Minimally invasive surgery.
(Intuitive Surgical,
Sunnyvale, CA, USA)
System: Consists of two 10DOF manipulators, with the option of a third arm, able to hold a variety of
tools, and an additional arm to hold the endoscope. The arms are mounted to a trolley and are able to
be set to different heights by sliding along a 2-m pole. The surgeon controls the robot from a
workstation adjacent to the patient with stereoscopic vision.
EndoAssist (Prosurgics, High
Wycombe, UK)
Purpose: Endoscopic manipulator.
System: Consists of 4DOF, trolley-mounted, cylindrical geometry manipulator with an additional
linkage to provide a remote centre of motion about the incision point. The laparoscope is attached to
the robot by a pin joint and is free to rotate. It is controlled by the detected head movements of the
surgeon.
NeuroMate Purpose: Frameless stereotactic surgery.
(Renishaw Mayfield,
Gloucestershire, UK)
System: Consists of a 5DOF, electromechanical multi-joint arm that can be moved into a position in
space. Feedback provided by potentiometers and incremental encoders on each axis. Uses ultrasonic
registration system. Base plate is attached to the skull, with a four-spoke fiducial assembly, before
imaging. The robot uses an ultrasound microphone array to detect fiducials and register to the
pre-operative images.
Naviot Purpose: Endoscopic manipulator.
(Hitachi Hybrid Network Co.
Ltd, Yokohama, Japan)
System: Consists of a 5-bar linkage mechanism and an optical zoom. Laparoscope attached near the
insertion site with a holder with two degrees of angular freedom. Two active revolute joints at the
base of the 5-bar linkage mechanism control the endoscope, moving it in the x–y plane. The surgeon
can manually set the range of motion of the manipulator by changing the length and direction of the
links. An optical zoom function replaces the back and forth motion of the endoscope.
PathFinder Purpose: Frameless stereotactic surgery.
(ProSurgics, High Wycombe,
UK)
System: Consists of a planning workstation and robot arm. Pre-operative images are fed to the planning
workstation and the surgeon selects a point on images using the mouse. The arm consists of a 6DOF
revolute manipulator mounted to a trolley. End-effector forms a guide/support for the surgeon to use.
The robot uses a camera fixed to its end-effector, and fiducial markers stuck to the patient or screwed
to the patient’s skull, to register the pre-operative images to the patient.
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ROBODOC Purpose: Bone resection.
(Novatrix Biomedical Inc.,
Sacramento, CA, USA)
System: Robot with a high-speed rotary cutter as its end-effector. Instrumented with a force sensor at
the wrist. Requires a separate pre-operative planner ‘OrthoDoc’, which positions a model of the
implant over the hip to calculate cutting volume.
SpineAssist
(Mazor Surgical
Purpose: Pedicle screw placement in lumbar spinal fusion. Robot acts as a guide to the placement of
the pedicle screws.
Technologies,
Ceasarea, Israel)
System: Consists of small drinks-can sized parallel manipulator and a planning station. Attached
directly to the patient’s spine and acts as a guide for tool positioning. Planning system registers
intra-operative fluoroscopic images of the spine with pre-operative data. Planning system then
instructs the surgeon to place the robot at the appropriate point on the clamp. The robot then moves
to position a guide for the surgeon for precise drilling and pedicle screw insertion.
Zeus Purpose: Minimally invasive surgery
(Intuitive Surgical,
Sunnyvale, CA, USA)
System: Consists of three robotic arms, one is the AESOP system which holds the camera, second and
third are for surgical manipulation. Uses Microwirst at the end of arms to provide additional degrees
of freedom. Surgeon controls through a console with video monitor.
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Abstract: Grasping a soft or fragile object requires the use of minimum contact force to
prevent damage or deformation. Without precise knowledge of object parameters, real-time
feedback control must be used with a suitable slip sensor to regulate the contact force and
prevent slip. Furthermore, the controller must be designed to have good performance
characteristics to rapidly modulate the fingertip contact force in response to a slip event. In this
paper, a fuzzy sliding mode controller combined with a disturbance observer is proposed for
contact force control and slip prevention. The controller is based on a system model that is
suitable for a wide class of robotic gripper configurations. The robustness of the controller is
evaluated through both simulation and experiment. The control scheme was found to be
effective and robust to parameter uncertainty. When tested on a real system, however,
chattering phenomena, well known to sliding mode research, was induced by the unmodelled
suboptimal components of the system (filtering, backlash, and time delays), and the controller
performance was reduced.
Keywords: sliding mode control, fuzzy logic, soft-grasping
1 INTRODUCTION
The soft-grasping problem requires a gripper to exert
minimum contact force to maintain a static grasp
with an object in optimal time and with minimal
overshoot. If the precise characteristics of the
gripper and object are known, e.g. weight, friction
coefficient, etc., the optimal contact force can be
calculated. This is feasible in applications where the
object parameters remain consistent. However, this
is impractical in most circumstances. The problem
of slip prevention in robotic grippers is twofold:
(a) a suitable robust sensor to provide feedback on
object slip;
(b) a real-time feedback controller for optimum
contact force for slip prevention.
Detecting the slippage of an object requires a
suitable sensor to convert slip into an output signal.
Sensors tend to be structured to detect object
motion relative to the sensor (slip rate), vibration
caused by stick slip, or vibration caused by partial
slip (incipient slip). Partial slip is a particularly useful
measure as it can be detected when the velocity of
the object relative to the gripper is zero [1–5].
However, these sensors tend to be quite complex
and require an uneven pressure distribution across
the sensor, which may be suboptimal for gripping
irregular-shaped objects. Object motion [6, 7] and
stick slip vibration [8–11] require relatively simple
and inexpensive sensors. The simplest form of these
sensors is based on the rolling contact principle [6,
7] where slip induces some measurable rotation in
the sensor. These sensors use uncomplicated de-
signs and can be assembled from off-the-shelf
components. The stick slip vibration sensor can be
used for both detecting the occurrence of slip and
also, through the design of a suitable observer or
algorithm, determine the object slip rate. A con-
troller with slip rate and/or slip displacement as
*Corresponding author: Wolfson School, Loughborough Univer-
sity, Loughborough, Leicestershire LE11 3TU, UK.
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state variables is compatible with a wide range of slip
sensors. Therefore, the development of a contact
force controller need not be sensor specific. How-
ever, vibration is also dependent on surface condi-
tions and the robustness of the observer or algorithm
to variation in this parameter must be considered.
In general, three different control strategies have
been applied for the real-time soft-grasping pro-
blem.
1. Direct and linear-feedback control.
2. Force-ratio control.
3. Fuzzy-logic-based control.
Direct and linear feedback controllers use the slip
signal to directly control grasp force. The most basic
example of this type of control is simple on-off
control, where the detection of slip triggers an event
such as ‘close gripper command’ [11, 12]. Linear
feedback controllers have also been used and have
shown an improvement over simple on-off ap-
proaches. Engeberg and Meek [13] used propor-
tional and proportional–derivative (PD) controllers
to regulate shear force magnitude detected by strain
gauges in a robotic hand. The scheme was further
refined by a logic-based adaptive mechanism that
increases the controller gain when a slip event is
detected. Kyberd et al. [8] and Kyberd and Chappell
[14] used a form of integral controller to control
grasp force in a prosthetic hand. This method is
based on the slip rate, inferred from the rate of
pulses produced by a microphone-based slip sensor.
The incremental count of the pulses is then used to
define a grasp force demand signal. The difficulty
with using linear-feedback controllers in the control
of slip is that their gains are largely derived
arbitrarily, and their robustness to parameter varia-
tions is unknown. Consequently, the controller gains
would have to be retuned when the object or
environment differed substantially from laboratory
conditions.
Force ratio control uses knowledge of shear force
and the controlled contact force (normal force) to
maintain a constant ratio between the two –
equivalent to the coefficient of friction. The ratio is
specific to the object–gripper interface, and some
means of approximation is required. A partial slip
sensor is particularly useful for this as it is able to
detect the onset of slip, without movement of the
grasped object. For example, Maekawa et al. [15]
used this approach in a two-fingered gripper to
augment a demand signal received from an open-
loop high-level grasp approximation scheme. Simi-
larly, Koda and Maeno [5] used the same approach
to modify a demand signal imposed by a human
operator in a master–slave system. Force ratio
control, however, requires a sensor that is able to
measure both contact force, shear force, and some
characteristic of slip. The incorporation of additional
sensory requirements in the limited fingertip envel-
ope is technically demanding.
Fuzzy-logic controllers are a popular example of a
model-free approach to uncertain or non-linear
control problems. They are appealing in this appli-
cation as they replace a model with a heuristic rule
set, circumventing the need for knowledge of the
object properties such as mass and friction. Shang et
al. [9] designed a fuzzy-logic controller (FLC) for use
with outputs of a photoelastic slip sensor in a robotic
gripper. In Dubey et al. [10], a gripper with an FLC
and photoelastic slip sensor was used to find the
optimal grasp force. The FLC was combined antag-
onistically with a relaxation function – which
incrementally decreased the demand signal – to
optimize the contact force around the point of slip.
Glossas and Aspragathos [16] designed an FLC using
a rule set derived empirically from human re-
sponses. The FLC design was shown through
simulation to be superior to an empirically tuned
proportional-integral-derivative controller.
Where a model cannot be easily developed, an
FLC may be employed as an alternative control
solution. The ability to use heuristic rules is appeal-
ing in robotic grasping, as it allows the designer to
utilize results from neurophysiology, producing
controllers based on ‘as a human thinks’ designs
[16]. However, FLCs are not optimum solutions, but
rather ‘good enough’ alternatives [17]. The member-
ship functions must be defined arbitrarily, yielding
suboptimal controller outputs, and the lack of a
model makes it difficult to assess their robustness to
differing circumstances. This problem was partially
solved by Domı´nguez-Lo´pez et al. [6] who proposed
a neuro-fuzzy logic controller capable of retuning
online. However, this scheme still required the use of
training data.
In this paper, a sliding mode controller with a
fuzzy sliding surface – referred to herein as a fuzzy
sliding mode controller – suitable for a wide class of
gripper configurations is designed for contact force
control and slip prevention. Sliding mode control is
an effective technique for rapid dynamic response of
control systems with bounded parameter uncer-
tainty and external disturbances [18]. It has proved
useful in the analogous task of regulating a constant
smooth slip rate despite the existence of stick slip
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[19]. By using a fuzzy sliding surface and disturbance
observer, performance can be enhanced in the face
of unmatched uncertainty, i.e. uncertainty outside of
the input channel. In the remainder of this paper,
the control strategy is designed based on a model of
a generic gripper. The controller properties and
performance are explored in section 3 through
simulation of a robotic gripper which includes
suboptimal but realistic constraints such as time
delays and backlash. Issues relating to the practical
implementation of the scheme are also discussed in
this section, using results from an experimental test
rig.
2 ROBOTIC GRIPPER CONTROLLER SYNTHESIS
The control strategy for the gripper is shown in
Fig. 1. It consists of a disturbance observer which
estimates the optimum gripper position to grasp the
object without slip. The output of the observer forms
the reference demand signal for a fuzzy sliding mode
controller (FSMC) that uses slip rate ( _x tð Þ), slip (x tð Þ),
gripper position (h tð Þ), and gripper velocity ( _h tð Þ) as
state-feedback variables. The sliding mode control
law drives the system state trajectories onto a
predefined sliding surface using a relay. When the
state trajectories are in contact with the sliding
surface a so-called ‘sliding motion’ along the sliding
surface occurs. The sliding surface is designed so
that, when in sliding motion, the system exhibits
ideal dynamic characteristics and is invariant to
matched uncertainty. In order to improve robust-
ness to unmatched uncertainty, the sliding plane is
partially estimated using a Takagi–Sugeno fuzzy-
logic system (FLS). The FLS uses a heuristic rule set
to evaluate fuzzified slip (x tð Þ) and slip rate ( _x tð Þ)
variables and derives an approximate sliding plane
vector. As the slip and slip rate increase, the FLC
makes the sliding plane more sensitive to occur-
rences of slipping. The gripper fingertip motion
when the finger is in contact with the object is
modelled by
Je€h tð Þ~t tð Þ{De _h tð Þ{nKdl tð Þzfm t, tð Þ ð1Þ
where K is the combined object and fingertip
stiffness, De is the effective damping of the mechan-
ism, Je the effective inertia of the mechanism, n is a
load transmission constant, and t tð Þ is the motor
torque. dl(t) is the linear deflection of the compliant
elements of the gripper and object. As it is assumed
to be small, it can be approximated from the gripper-
finger angle as
dl tð Þ~L h tð Þ{h0ð Þ ð2Þ
where h tð Þ is the gripper-finger angle from fully open
position (i.e. h tð Þ~0 when the gripper is fully open),
h0 is the gripper-finger angle at initial contact with
Fig. 1 Control system
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the object, and L is the length from the gripper axis
to the point of contact. It can be easily shown that
equation (1) applies to a broad range of gripper
types. The additional term fm t, tð Þ represents system
uncertainties, such as plant–model parameter mis-
match, and unmodelled dynamics or disturbances.
As discussed in section 1, slip and slip rate can be
directly detected or inferred by a large number of
sensors. Thus, the choice of state-feedback variables
and the system equation for the gripper can be
applied to a broad set of gripper–sensor configura-
tions. The free-body diagram for the grasped object
is shown in Fig. 2. For convenience, the coefficient
of friction m _xð Þ is linearized about the static friction
coefficient so that m _xð Þ~mszDm _xð Þ. Then, using this
assumption, object slip rate _x tð Þ is governed by
€x tð Þ~{ Ds
Mobj
_x tð Þ{ ms
Mobj
Kdl tð ÞzY _x tð Þ, h tð Þ, tð Þ ð3Þ
where Mobj is the grasped object mass, Ds is the
viscous coefficient at the site of contact between
the object and the gripper, dl is the linear deflection
of the compliant elements of the gripper and ob-
ject and is approximated by equation (2). Y _x tð Þ,ð
h tð Þ, tÞ is given by
Y _x tð Þ, h tð Þ, tð Þ~€xg tð Þzag{ 1
Mobj
K dl tð ÞDm _xð Þ
zfs _x tð Þ, h tð Þ, tð Þ ð4Þ
where €xg tð Þ is gripper acceleration, and a is a factor
between zero and one. It is the cosine angle between
the direction of the slip of the object relative to the
vertical. Y _x tð Þ, h tð Þ, tð Þ is an uncertainty term that
includes the changes in the friction coefficient,
gripper acceleration, direction of gravity parameter
(a), and the function fs _x tð Þ, h tð Þ, tð Þ represents
model–plant parameter mismatch, or unmodelled
dynamics and disturbances. In certain circum-
stances, gravitational force and acceleration of the
object may be measured using sensors or estimated
from a robot trajectory controller. However, this is
not always practical and in order to apply the
controller to a wide class of grippers, these variables
will be considered unknown. For controller synth-
esis, it is assumed that both uncertainty terms
fm t, tð Þ and Y _x tð Þ, y tð Þ, tð Þ are finite and subject to
the conditions
fm t, tð Þk kv~f tð Þ
Y _x tð Þ, y tð Þ, tð Þk kv ~Y tð Þ
ð5Þ
where ~f tð Þ and ~Y tð Þ are bounds on the uncertainty,
and must be chosen according to the likely operating
environment of the gripper.
2.1 Disturbance observer
A disturbance observer is used to find a suitable
reference demand signal that can compensate for
the unmatched system uncertainty. Using equation
(3) the following algorithm is proposed to produce
an estimate of the uncertainty term Y^
Y^~ €x tð Þz Ds
Mobj
_x tð Þz ms
Mobj
KL h tð Þ{h0ð Þ
 
ð6Þ
In the steady state, i.e. where no slip is occurring and
the gripper is at rest in its optimum position, the
uncertainty term in equation (4) can be written as
Y _x tð Þ, h tð Þð Þ~ ms
Mobj
KL hd{h0ð Þ ð7Þ
where hd is the optimum gripper rest position and
thus is the desired reference position. From this
Fig. 2 Robotic gripper grasping an object
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result, the disturbance observer is reconfigured to
produce an estimate of the optimum gripper posi-
tion h^d that cancels the unmatched uncertainty.
Thus, the following disturbance observer is proposed
_z~FzzEq
q~
Mobj
msKL
€x tð Þz Ds
Mobj
_x tð Þz ms
Mobj
KL h tð Þ{h0ð Þ
 
z~h^d{h0 ð8Þ
where F, E are system parameter matrices for a
recursive low-pass filter that removes high-fre-
quency measurement noise and disturbances and z
its internal variable. For the convergence of the
observer the filter the parameters should be chosen
such that Fv0, Ew0.
2.2 Sliding mode controller
The controller is designed according to the sliding
mode controller methodology proposed in Edwards
and Spurgeon [18]. Choosing partitioned state
variable x~ x1jx2½ T~ _x tð Þ h tð Þ{h0j _h tð Þ
 T
, input
variable u tð Þ~t tð Þ, unmatched uncertainty vector
f u tð Þ~ Y _x tð Þ, h tð Þð Þ 0½ T, and matched uncertainty
as f m tð Þ, equations (1) and (3) can be put in the form
_x1~A11x1zA12x2zf u tð Þ
_x2~A21x1zA22x2zB2u tð Þzf m tð Þ
ð9Þ
A~
A11 A12
A21 A22
" #
~
{
Ds
Mobj
{
m
Mobj
K 0
0 0 1
0 {
gK
J
{
D
J
2
666664
3
777775
B~
0
B2
" #
~
0
0
1
J
2
6664
3
7775
Introducing an error-state vector e~ e1je2½ T
e1~x1{ 0 h^d{h0
 T
~ _x tð Þ h tð Þ{h^d
 T
e2~ _h tð Þ
Defining a switching function as s tð Þ~
S11 S22½ e1zS2e2, and a sliding manifold as s~0.
Using the switching function, the first derivative with
respect to time of the switching function, and
equation (9), it can be shown that
_e1~A11e1zA12S
{1
2 s tð Þzf u tð Þ
_s tð Þ~S2A21e1zS2A22S{12 s tð ÞzS2B2u tð Þ
zS2f m tð ÞzS1f u tð Þ
ð10Þ
where A11~A11{A12S
{1
2 S1,
A21~S
{1
2 S1
A11zA21{
A22S
{1
2 S1, and
A22~S
{1
2 S1A12zA22. A sliding mode
controller of the form u tð Þ~uL x tð Þ, tð ÞzuN s tð Þ, tð Þ is
introduced, where the linear component uL and
discontinuous component uN are
uL x tð Þ, tð Þ~{ SBð Þ{1 SA{WSð Þe tð Þ
uN s tð Þ, tð Þ~{r SBð Þ{1sgn s tð Þð Þ
ð11Þ
where r is the discontinuity gain and W is the linear
rate of decay onto the sliding surface. Choosing a
Lyapunov candidate as V~s tð Þ2=2. By substitution
of equation (10) and the sliding mode controller in
(11), the derivative of the Lyapunov candidate
becomes
_V~s tð Þ _s tð Þ
_V~s tð Þ Ws tð Þ{r sgn s tð Þð ÞzS1f u tð ÞzS2f m tð Þ
 
ð12Þ
If the design variables are chosen such that the
conditions Wv0 and rw S1f u tð ÞzS2f m tð Þ
  are al-
ways true, then the derivative of Lyapunov candidate
satisfies _Vv0. Thus, the system will converge with
the sliding plane in finite time. The signum function
can induce chattering into the system. A preferred
choice is to use the boundary layer method [20]
uN s tð Þ, tð Þ~{r SBð Þ{1sat s tð Þ
w
 	
sat jð Þ~
j if jj jv1
sgn jð Þ otherwise
(
ð13Þ
where w is the boundary chosen to minimize
chattering around the sliding plane. When the state
trajectory moves along the sliding plane, the system
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is said to be in sliding motion, and becomes a
reduced-order system with the switching function
s tð Þ~0. From equation (10), it is clear that the state
trajectory during sliding motion is governed by
_e1~A11e1zf u tð Þ ð14Þ
The sliding surface vector is designed such that the
nominal system in equation (14) gives desired
performance in the face of the unmatched uncer-
tainty.
2.3 Fuzzy sliding surface
Sliding mode controllers have the useful property of
invariance to matched uncertainty during sliding
motion. However, unmatched uncertainty continues
to be a problem. In equation (14) the uncertainty
term contributes to the system dynamics that govern
the sliding motion. The disturbance observer is used
to counteract the effects of unmatched uncertainty
by estimating the ideal gripper rest position. How-
ever, the disturbance observer requires low-pass
filtering and is subject to parameter model–plant
mismatch. This means that the observer estimate
takes time to converge, and its optimum perfor-
mance is not guaranteed. It is important, therefore,
that the sliding surface exhibits robustness to the
unmatched uncertainty during this convergence
time. This is the principle purpose of the fuzzy
sliding mode: to move the sliding surface in order to
achieve maximum robustness to unmatched uncer-
tainty during convergence time of the disturbance
observer. This is particularly important because the
performance of the disturbance observer is sensitive
to parameter model–plant mismatch, and thus the
convergence time is not necessarily known or
necessarily short. In this section, a sliding mode
controller with a fuzzy sliding plane is proposed
which uses slip and slip rate as input variables.
The sliding surface vector S~ S1 S2½  is redefined
as a fuzzy surface vector ~S. A Takegi–Sugeno fuzzy-
logic system is used to determine the fuzzy surface
vector. The fuzzy-logic system is briefly described in
this section. A more detailed description can be
found in [21–23]. The fuzzy system is defined by a
rule set consisting of n rules, each of the form
Rule½i : if x tð Þ is ~Aj and _x tð Þ is ~Bk then ~S is ~Sl
for j~1, 2, :::, c k~1, 2, :::, c l~1, 2, :::, c
where ~Aj and ~Bk are fuzzy sets which span some part
of the universe of discourse and ~Sl is the consequent
or, in this case, the approximated sliding vector.
Defining m~Ai x tð Þð Þ [ 0, 1½  and m~Bi _x tð Þð Þ [ 0, 1½  as the
membership functions which represent the degree of
membership of x tð Þ to ~Aj and _x tð Þ to ~Bk respectively.
Using the weighted average method, the fuzzy
system output, i.e. the fuzzy sliding surface vector,
is given by
~S~
Pn
1
~Sim~Ai x tð Þð Þm~Bi x tð Þð ÞPn
1 m~Ai x tð Þð Þm~Bi x tð Þð Þ
ð15Þ
Three fuzzy sets chosen to span the universe of
discourse of the slip input are ~Alow, ~Amed, and ~Ahigh,
and the fuzzy sets chosen for the slip-rate input are
~Blow, ~Bmed, and ~Bhigh. The membership functions are
chosen to be triangular-shaped functions. Similarly,
three output sliding surface vectors are assigned to
the fuzzy system output, ~Slow, ~Smed, and ~Shigh. The
rule set of the fuzzy system is shown in the fuzzy
associative memory (Table 1).
The tuning of FLCs, i.e. the shape of the member-
ship functions and the choice of output vector, is a
challenging problem and is the subject of ongoing
research. Where a priori data or training data sets are
available, optimization methods, for example ge-
netic algorithms [24, 25], can be used to empirically
determine the parameters of the FLC. Alternatively,
FLCs can be tuned using ‘common sense’ experience
and trial and error. Although this approach restricts
practically the allowable complexity of the fuzzy
controller, it is the most simple method, and
occasionally the most effective. This approach is
taken in this paper. The model derived at the
beginning of section 2 is used to determine the
effects of different choices of the fuzzy-logic para-
meters. Thus, the outcome for any specific choice of
variables can be assessed prior to experimental
implementation.
3 SIMULATION
To demonstrate the efficacy of the proposed control
scheme, a gripper was simulated picking up an
unknown object. The system was implemented in
the Simulink environment using modified equations
Table 1 Fuzzy associative memory bank
Slip rate
Slip Low ~Blow Medium ~Bmed High ~Bhigh
Low ~Alow ~Slow ~Slow ~Smed
Medium ~Amed ~Slow ~Smed ~Shigh
High ~Ahigh ~Smed ~Shigh ~Shigh
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(3) and (4), and equation (1) with: added backlash to
define the gripper–finger motion, a 0.1 ms delay at
the controller output. The modified equation (3) and
(4), uses a non-linear continuous model for friction,
to define object motion. The object was assumed to
be constrained from rotation in all directions. The
friction term is governed by the Lugre friction model
[26]; which is a continuous friction model that is
able to describe effects such as stick slip and Stribeck
effect while remaining simple to implement. The
Lugre parameters were chosen to be the same as
those proposed in Canudas de Wit et al. [26]. All
model parameters are shown in Table 2.
The control scheme was investigated by simulat-
ing the gripper catching objects with different mass,
stiffness, and coefficient of friction properties.
Initially, the gripper has a contact force of 0.5 N on
the object which is held stationary. The object is
then dropped. For performance comparison, a PD
controller and FSMC were tuned to give less than
0.01 m slip for the nominal parameters in Table 2.
Both linear-feedback and FLCs have shown good
results when applied to the soft-grasping problem
and are adaptable to a wide range of sensor types.
The general performance of a FLC, however, is
difficult to gauge as it is dependent on tuning
multiple degrees of freedom. Therefore, a linear-
feedback controller was chosen for performance
comparison with the sliding mode approach. In this
case, the PD controller is the most applicable of the
linear control methodologies described in the Intro-
duction to the present problem.
The sliding mode controller was tuned using the
model described in section 2, equations (1) to (5),
the method described in section 2.2, and the
parameters in Table 2. The tuning parameter r was
chosen to be large to guarantee system stability and
reachability of the system for large uncertainty. The
remaining parameters (W, w) of the sliding mode
controller trial and error to give less than 0.01 m slip.
The fuzzy logic component was chosen by varying
the parameters in Table 2, and observing the sliding
surface parameters required to give a similar
resultant sliding motion system, that conformed to
the design specification of less than 0.01 m slip. It
was found that the position gain in the sliding vector
(i.e. the component (S12) that multiplies by the
gripper angular-position h tð Þ in the switching func-
tion) changed little in response to changes in the
choice of parameters. Therefore, only the slip rate
gain component of the sliding vector was estimated
by the FLS. Similarly, adjustments to the linear
component of the control (uL x tð Þ, tð Þ) due to varia-
tion of the sliding surface are ignored as it can be
classed as matched uncertainty.
The control laws for the system are shown in
Table 3 and the fuzzy controller output surface in
Fig. 3. Although the choice of control law parameters
gives similar resultant slip, the peak contact force for
the PD controller, identified by the peak gripper
position is greater. The change from slip state to
static state by the system is abrupt due to the
discontinuity inherent in friction. Consequently, the
effective damping of the PD controller after slip is
minimal and overshoot results. The PD controller
requires a relatively high derivative gain to match the
switching of the FSMC.
3.1 Results and discussion
The controllers were investigated for their sensitivity
to matched uncertainty fm. The gripper inertia
parameter was changed in the simulation from its
nominal value to J~0:1 to simulate model–plant
mismatch. The results are shown in Fig. 4 for both
the PD controller and the FSMC. The FSMC shows
no significant change in performance in either the
gripper position response or the resultant slip and is
clearly insensitive to changes in this property.
However, the PD controller shows a significant
difference in performance; having an increased
contact force and slip relative to the nominal system.
Similar results are obtained by varying other para-
meters to induce matched uncertainty.
The quality of FSMC invariance was reduced when
the size of the backlash and time delay were
Table 2 Model parameters
Parameter Value
Mobj 0.3 kg
ms 0.8
md 0.6
Lugre parameters (s0, s1,s2,
and Vs)
16105 N/m, 16102 N s/m, 1 N s/m
and 0.001 m/s
J 0.05 kg m
D 1 N s/m
K 5000 N/m
Ds 1 N s/m
n 261026
L 0.1 m
Backlash 1.261023 rads
Table 3 Control laws
Controller Control law
FSMC ul~8 _x tð Þ{1000 h tð Þ{h^d tð Þ

 
{15 _h tð Þ
un~{50sat
s tð Þ
1
 	
s tð Þ~~S11 _x tð Þz300 h tð Þ{h^d tð Þ

 
z _h tð Þ
PD u~{0:7 _x tð Þ{0:08€x tð Þ
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increased – shown in Fig. 5. Although the FSMC
position performance was similar, the increased
chatter increased slightly the amount of slip that
occurred. Chatter is extremely undesirable as it has
an adverse and potentially damaging effect on the
system components. The results confirms the ana-
lysis of Lee and Utkin [27], where chatter was shown
analytically to be induced by unmodelled parasitic
dynamics that exist in any real system. The chatter
can be reduced by changing the boundary layer
Fig. 4 Gripper position and object slip for FSMC and PD controller using J5 0.05 (black) and
J5 0.1 (light grey)
Fig. 3 Fuzzy system rule surfaces
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function w in the control (equation (13)) – shown in
Fig. 6. Chattering is reduced as the controller is less
sensitive to minor deviations of the state trajectories
within a neighbourhood around the sliding surface.
However, this insensitivity also results in steady-
state error, and a loss of invariance due to the
continuous control action used while the itinerant
state trajectory reaches the boundary of the neigh-
bourhood.
The object parameters were varied to induce
unmatched uncertainty in the system. The controller
position and slip response for the nominal para-
meters and the parameters of a smoother, heavier
object (i.e. increased Mobj and decreased frictional
coefficients) are shown in Fig. 7. The FSMC shows
an improved performance; having both a reduced
peak position and lower resultant object slip. The
fuzzy-logic element of the sliding function changes
the sliding plane characteristics as a result of the
greater slip and slip rate. Thus, in the reduced-order
system of equation (14) the slip rate becomes more
responsive to this state variable. The result is a
decrease in slip for the heavy smooth object. In this
respect, the FLS is a gain scheduling mechanism,
and the performance in this test is dependent on the
tuning of the input and output membership func-
tions. Subsequent improvement in performance can
be obtained by increasing slope of the fuzzy logic
output surface. In addition, further improvements
can be obtained by reducing the settling time of the
disturbance observer. As shown in Fig. 8, the change
in system parameters adversely affects the settling.
The effect of slow settling time on the system
response is partly alleviated by the robustness of
the fuzzy sliding mode, however, it is clear that the
overall performance of the control algorithm can be
improved by increasing the robustness of the
disturbance observer.
Fig. 5 Gripper position and object slip for FSMC using a 1.261023 rads backlash and 0.1 ms
time-delay (black), and a 2.461023 rads backlash and 1 ms time delay (light grey)
Fig. 6 Gripper position and object slip with a 2.461023 rads backlash and 1 ms time delay using
w~1 (light grey) and w~10 (black)
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3.2 Practical implementation
Issues related to the practical implementation of the
proposed control scheme were investigated using
the experimental test rig in Fig. 9. The rig was
designed to assess the control algorithms’ ability to
reduce slip. The apparatus consists of a 3000:1
worm-geared rotary arm of 0.1 m length, driven by
a 12 V DC motor, and a carriage on a set of linear
rails. An elastomer strip is fixed to the carriage
surface. A spring is used to pre-load the arm and
eliminate the system backlash. The carriage position
is measured by a linear potentiometer with an
output of 0.13 V/mm. The tip displacement of the
rotary arm is measured by a rotary encoder which
gives an approximate resolution at the tip of the arm
of 3.1461025 mm/count. The carriage is attached to
a mass via a nylon cable and pulley system. The
controller is implemented using a PC programmed
in C++. The output of the rotary encoder is acquired
using a custom quadrature encoder reader and
analogue signals are acquired using a PC30AT 12-
bit data acquisition card sampling at 1000 Hz. The
effective maximum quantization error is 0.04 mm.
The encoder and position sensor inputs are digitally
filtered and differentiated using second-order dis-
crete recursive filters and Euler’s method respec-
Fig. 7 Gripper position and object slip for FSM controller (light grey) and PD controller (black)
using varying object properties
Fig. 8 Disturbance observer output for nominal object
(Mobj5 0.3, ms5 0.8, md5 0.6) (black), and
smoother heavier object (Mobj5 1 kg, ms5 0.4,
md5 0.2) (light grey)
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tively. It is held stationary and the arm moved into
contact with the elastomer layer. The carriage is then
released.
The output of the fuzzy sliding mode control law
in Table 3 is scaled for the experimental test rig so
that torque is generated proportional to the motor
voltage. The error resulting from this assumption is a
form of parametric matched uncertainty and cov-
ered by the controller’s invariance properties. The
discontinuous injection (r) gain is adjusted, such
that the motor is just below saturation when the
injection term (r:sat s=wð Þ) is at maximum. Similarly,
the boundary constant w from equation (13) is
adjusted to minimize chattering in the system.
Finally, the fuzzy rule surface is retuned by changing
the position of the membership functions on the
universe of discourse for each input variable. The
output variables are not retuned. The new fuzzy
decision surface is shown in Fig. 3(b).
The system is typical response when the carriage is
released with a 0.3 kg mass is shown in Fig. 10 for
different boundary layer constants w. As expected,
Fig. 9 Experimental test rig
Fig. 10 Typical gripper position and carriage slip for boundary layer w~1 (black) and w~0:1
(light grey)
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the choice of a lower boundary layer constant leads
to considerable chattering in the arm position, while
increasing the boundary layer constant removes the
chattering, but slows the response of the system. As
previously discussed, while the system states are
within the boundary layer, the control law is effec-
tively a continuous controller (i.e. u~{rs tð Þ=w). As
a result, the full influence of the switching function
is delayed and some invariance lost.
To assess the robustness of the control system the
experimental parameters were changed significantly
to induce unmatched uncertainty; the mass was
increased to 0.5 kg and the elastomer layer was
covered in a tape to produce a smooth surface. The
test was repeated using w~0:25 as the boundary
layer. The position and slip response are shown in
Fig. 11. Chattering is evident as in the previous
experiment; this leads to slipping in the system as a
result oscillatory contact force.
The FLS changes the sliding vector gain, in
response to high slip (x tð Þ) and slip rate ( _x tð Þ), in
order to make the system more sensitive to slip by
reconfiguring the reduced-order system. The output
gain of the fuzzy system is shown in Fig. 12(a). A
negative feature is a large peak force which is
induced by the transient high gain.
The controller performance is inhibited by the
increased settling time of the disturbance observer
as a result of changes in the experimental para-
meters. The position demand profiles in Fig. 12(b)
show that the sensitivity of the disturbance observer
performance to parametric changes, i.e. 0.3 kg with
high friction and 0.5 kg with low friction, is sig-
nificant to the robustness of the control scheme.
The reachability condition must be satisfied by an
appropriate choice of discontinuous gain (r in
equation (11)). However, it can be shown that
increasing the gain term increases chatter in the
Fig. 11 Gripper position and carriage slip for low-friction surface and 0.5 kg mass
Fig. 12 (a) Fuzzy system output and (b) disturbance observer output for high-friction low-mass
(black) and low-friction high-mass (light grey) cases
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system [27]. Furthermore, the actuator saturation
voltage is a practical limit on the gain term. In this
case, during the initial slipping phase the actuator
was saturated for a short duration of time in an
attempt to drive the system back to the sliding
surface. Although in this case the system was still
able to drive the state trajectory back to the sliding
surface, it is evident that in any real system global
reachability is unachievable.
4 CONCLUSIONS
A real-time feedback controller using a slip sensor is
vital for optimal soft grasping when the object pro-
perties are uncertain. The most prevalent problem in
designing such a controller is the need for a high
performance response with high robustness as a
result of large parameter uncertainty. In this paper, a
FSMC combined with disturbance observer is pro-
posed. The disturbance observer is used to approx-
imate a gripper-position reference-demand signal
that will stably grasp the object. The gripper-position
is controlled by a sliding mode controller which can:
(a) optimally track the reference-demand signal
with invariance to matched uncertainty;
(b) rapidly respond to occurrences of slip.
A FLS is used to modify the sliding plane to improve
the controller response to unmatched uncertainty; the
existence of which is attributed to unknown para-
meters of the grasped object. As a generic gripper
model is used to design the controller, and the
feedback variables are easily measurable (e.g. slip,
slip rate, gripper position, and gripper velocity), the
control scheme is applicable to a wide class of gripper
configurations and thus has considerable value.
The efficacy of the control scheme was investi-
gated both in simulations and experimentally. In the
simulations, the FSMC was able to significantly
outperform a conventional PD controller when
subjected to matched and unmatched uncertainty
induced by parametric changes to the model.
Increasing the suboptimal components in the simu-
lation, i.e. time delay and backlash, produced
chattering in the gripper position response of the
FSMC, which degraded the performance slightly.
The effects of implementing the control scheme on a
real system were investigated using an experimental
test rig. The control scheme was able to demonstrate
the rapid performance properties exhibited in the
simulations. However, some difficulties were experi-
enced which included; actuator saturation – pre-
venting global reachability – and robustness of the
disturbance observer. As in the simulations, the
chattering effect and the deterioration of controller
performance were noted. However, these were easily
suppressed by appropriate tuning of the boundary
layer algorithm. In both simulation and practice, it
has been proved that the FSMC with disturbance
observer scheme is a useful, high performance, and
robust approach to the soft-grasping problem.
F Authors 2010
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APPENDIX
Notation
A,B system matrices
De effective damping of the mechanism
Ds viscous friction coefficient
e tð Þ error state vector
~f tð Þ, ~Y tð Þ uncertainty bounds
fm t, tð Þ,
Y _x tð Þ,ð
h tð Þ, tÞ,
fu tð Þ
uncertainty terms
Je effective inertia of the mechanism
K combined object and fingertip
stiffness
L length from gripper axis to point of
contact
Mobj grasped object mass
n load transmission constant
S sliding surface parameter vector
~S fuzzy sliding vector
uL x tð Þ, t)ð Þ,
uN s tð Þ, tð Þ
control laws
_x tð Þ object slip rate
€xg tð Þ gripper acceleration
a cosine angle between the direction of
the slip of the object relative to the
vertical
h tð Þ gripper-finger angle from fully open
h^d disturbance observer output
h0 gripper-finger angle at initial contact
with the object
m~Ai x tð Þð Þ,
m~Bi _x tð Þð Þ
membership functions
ms coefficient of friction
s tð Þ switching function
t tð Þ motor torque
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PerformanceEstimation of 2-SlidingModeControllers for
Chatter Suppression
M. D. O’Toole ?, K. Bouazza-Marouf, D. Kerr
Wolfson School of Mechanical and Manufacturing Engineering, Loughborough, Leicestershire, UK, LE11 3TU
Abstract
Sliding mode control is a simple and powerful technique for the robust control of uncertain systems. However, despite theoretical
promise, real systems using sliding mode controllers have a tendency to chatter at high frequencies. 2-Sliding mode controllers
can be used to suppress chatter whilest retaining the desirable properties of classical sliding mode control. These more complex
controllers increase the number of parameters in the system. The affect any particular choice of controller parameters has on
system performance is unclear, and this can make it difficult to tune the controllers to meet a desired performance criteria.
This paper addresses the problem of estimating the performance of a system controlled by 2-sliding mode controllers. The
method of harmonic linearization is reviewed as a means to estimate chattering amplitude and settling time, and a new method
is presented, based on invariant ellipsoid sets, to predict the maximum output bound of the system. The aim is assist in
producing a systematic approach for practitioners wishing to directly apply sliding mode controller with chatter suppressing
properties in real applications.
Key words: Chattering, Sliding modes, Performance analysis, Harmonic linearization, Invariant ellipsoids.
1 Introduction
Sliding mode control is a simple control technique that
has proven a valuable tool for the control of systems with
uncertainty. It is invariant to matched uncertainty and
disturbances provided that the system is relative degree
one with respect to the output sliding variable [8,14].
In any real system however, uncertain and un-modeled
parasitic dynamics, such as motor and sensor dynamics,
will affect this structure by raising the relative degree.
The change causes the system to exhibit high frequency,
self-sustaining oscillations or limit cycles about the slid-
ing surface. This effect is referred to as chattering.
Chattering is a well-known phenomenon in sliding mode
control. The damage, inefficiency, and wear that chat-
tering can cause is a severe hindrance to the use of this
control technique in real-world applications. The need
to resolve chatter in practical systems has directed re-
search into controllers that embody the qualities of slid-
ing mode control (robustness, etc), but which can also
suppress chatter. These controllers are invariably more
complex than the classical sliding mode controller, and
introduce new parameters, or degrees-of-freedom, to the
? Corresponding author. Email M.D.OToole@lboro.ac.uk.
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system structure. There is as yet no systematic approach
to tuning these parameters so that the controlled system
will meet a set performance specification. Estimating the
performance of a system controlled by a 2-sliding mode
controller, for any chosen set of parameters, is an impor-
tant and necessary step to creating such an approach.
In this paper, we propose procedures for estimating the
performance of systems controlled by 2-sliding mode
controllers with chatter suppressing properties. The aim
is to create tools to assist in the design and tuning of 2-
sliding mode controllers for chatter suppression in real-
systems. Three performance metrics are considered; they
are chattering amplitude, settling time, and maximum
output bound (overshoot). These performance metrics
are well known to classical control systems design, and
are sufficient for many control system specifications.
The paper has the following structure: In section two,
three commonly used 2-sliding mode controllers are sur-
veyed. They are the twisting controller [9], the gener-
alised sub-optimal controller [2], and the homogenous
controller [10,11]. In section three, a method for obtain-
ing settling time using harmonic linearisation is briefly
reviewed, and new harmonic linearisation functions for
each controller are introduced for two of the controllers.
When a damping term in each function is set to zero, the
Preprint submitted to Automatica 22 February 2011
harmonic linearisations become the equivalent describ-
ing functions, some of which have been previously pub-
lished [5,4]. Describing functions can be used to obtain
the chattering amplitude from the open-loop frequency
response of the system. In section four, a new procedure
for estimating the maximum output of swithcing sys-
tems is proposed. The method uses successive invariant
ellipsoid sets the enclose the state trajectory of the sys-
tem. The application of this procedure to the 2-sliding
mode controllers is discussed. In section five, an exam-
ple system is presented, and simulated results obtained
to illustrate the concepts presented in this paper.
2 2-Sliding Mode Controllers
The standard sliding mode controller assumes the sys-
tem with respect to the output sliding variable has rel-
ative degree one. Higher order sliding modes allow this
condition to be relaxed. For simplicity, we reserve our
discussion to higher order sliding mode controllers de-
signed for systems with relative degree two - referred to
as 2-sliding mode controllers. One of the most useful fea-
tures of 2-sliding mode controllers is their chatter sup-
pression properties. When properly tuned, they can be
used to suppress chatter in a closed-loop system with-
out compromising tracking accuracy or robustness. We
review three of the most commonly used 2-sliding mode
controllers, in addition to their stability conditions, in
this section. We first define some preliminary notation.
Denote σ as the output sliding variable. By definition,
systems of relative degree two with respect to the output
sliding variable can be expressed in the form
σ¨ = |σ¨|u=0 +
∂σ¨
∂u
u(σ) (1)
Assume the following bounds,
0 < Km <
∂σ¨
∂u
≤ KM , |σ¨|u=0 ≤ C
The limits C,KM , andKm are used to form the stability
conditions for each of the controllers (see adjoining ref-
erences for derivations of the stability conditions). The
2-sliding mode controllers are as follows:
1) The twisting controller [9]:
u(σ) = − (r1sgn(σ) + r2sgn(σ˙)) (2)
where r1 and r2 are design parameters. The controlled
system is stable if 0 < r2 < r1 and
(r1 + r2)Km − C > KM (r1 − r2) + C,
(r1 − r2)Km > C
2) The generalized sub-optimal controller [2]:
u(σ) = −r1sgn (σ − r2σM ) (3)
where σM is the previous extremal value of the output
sliding variable. The advantage of this controller is that
that no intermediate differentiator is required to calcu-
late σ˙, and so the algorithm is simpler and less suscep-
tible to noise than the other 2-sliding mode controllers.
The stability conditions are,
r1 > C/Km, r2 >
2C + (1− β)KMr1
(1 + β)Kmr2
(4)
3) The homogenous controller [10,11]:
u(σ) = −r1sgn
(
σ˙ + r2 |σ|1/2 sgn(σ)
)
(5)
The stability condition is r1Km − C > r22/2.
3 Chattering Amplitude and Settling Time
This section outlines a method to approximate settling
time and chattering amplitude using harmonic lineariza-
tion [15]. This method is well suited to controllers that
are discontinuous, and systems with a chattering steady-
state response. The method is an extension of the de-
scribing function method [1,12] which is used to approx-
imate the chattering amplitude of closed-loop systems
with nonlinearities. We derive a new harmonic linearisa-
tion function for each of the 2-sliding mode controllers.
The function is then used to compute an instantaneous
damping and frequency term, which is in turn, used to
calculate settling time and chattering amplitude.
A harmonic linearisation function is a complex first or-
der fourrier-series approximation of the controller, that
assumes a diminishing oscillatory feedback. As the func-
tion is a first order approximation, the following assump-
tion must be valid:
Assumption 1. An open-loop system with sliding vari-
able as output, has a frequency response equivalent to a
low-pass filter.
otherwise the omission of higher order terms in the
fourier approximation will diminish the accuracy of the
method. This assumption is not overly restrictive, and
applies to many common real-world systems.
Denote the characteristic equation of a system with out-
put σ as
A(p)σ(t) +B(p)F (σ, pσ) = 0 (6)
where p is the Laplace variable, A(p), B(p) are the linear
components of the system and F (σ, pσ) the non-linear
controller. Let us assume that the behaviour of the out-
put sliding variable can be closely approximated by the
2
function σ(t) = a(t) sin (θ(t)). Then, a suitable first or-
der approximation of the time-varying amplitude and
time-varying phase can be obtained by
a(t) = a(0)eζt ⇒ da
dt
= ζ(t)a(t) and
dθ(t)
dt
= ω(t) (7)
where ζ and ω are pseudo-static terms that varies slowly
with time (ζ˙ ≈ 0, ω˙ ≈ 0). It follows that
σ(t) ≈ σ˜(t) = a(t) sin (θ(t))
σ˙(t) ≈ pσ˜(t) = a(t) (ζ(t) sin (θ(t)) + ω(t) cos (θ(t)))
Thus, the first-order fourrier series of the nonlinear func-
tion is
F (σ, pσ) =
1
a
[P (a, ζ, ω) + jQ(a, ζ, ω)]σ(t)
P =
1
pi
2pi∫
0
F [σ˜, pσ˜] sin (θ(t)) dθ
Q =
1
pi
2pi∫
0
F [σ˜, pσ˜] cos (θ(t)) dθ (8)
An expression for the damping ζ and frequency ω, in
terms of amplitude a, is obtained by substituting the har-
monic linearization into (6) and by setting the Laplace
variable to p = ζ + jω. Choosing ζ = 0 and solving for
ω and a gives the chattering frequency and chattering
amplitude respectively. This is the describing function
method. The time for the system to settle from initial os-
cillation a0 amplitude to the final amplitude ak is given
by
ts = −
ak∫
a0
1
aζ(a)
da (9)
which is derived from (7). Harmonic linearizations for
the twisting controller and generalised sub-optimal con-
troller as follows:
1) Twisting controller:
N =
4
pia
r1 − r2√
1 + (ω/ζ)
2
− j r2ω
ζ
√
1 + (ω/ζ)
2
 (10)
When ζ = 0 we obtain the describing function presented
in [5].
2) Generalized sub-optimal controller:
N =
4
pia
(√
1− Σ2 + jΣ
)
, (11)
where Σ =
r2 (1− ζ/ω)
eζpi/(4ω) −√2r2ζ/ω
When ζ = 0 we obtain the describing function presented
in [6].
The harmonic linearization function for the twisting con-
troller is derived directly from the Fourier series. The
harmonic linearization for the generalized suboptimal
controller is similarly derived from the Fourier series
and an approximation of the phase angle at switching.
Switching of the controller occurs when σ = r2σM . Re-
calling that σ ≈ a(t)sin (θ(t)) and a(t) = a(0)eζt and
assuming the angle at switching is θs ≈ ωt, i.e. ω(t)
changes slowly over the period, then (7) can be rear-
ranged such that the phase angle at switching is the so-
lution to the equality,
sin (θS) = r2e
ζ(pi/2−θS)/ω ≈ r2 (1− ζ/ω)
eζpi/(4ω) −√2r2ζ/ω
(12)
where the right-hand term is derived using the Taylor
expansion. Any function for the homogenous controller
requires a solution to,
(ζ/ω) sin θs + cos θs +
r2
ω
√
a
√
sin θs = 0
Local linearisations and approximations can be used to
obtain a closed-form solution of this equation. However,
producing adequate approximations, i.e. within 5% of
the actual solution, results in large and unwieldy func-
tions. Thus, we do not advocate the harmonic linearisa-
tion method for the homogenous controller.
4 Maximum Output Bound
In this section, a new unified approach to establishing
maximum output bound is proposed for systems con-
trolled by the 2-sliding mode controllers in section 2.
The approach computes a sequential series of invariant
ellipsoid sets [3,7,13] which enclose the trajectory of the
state-variable in the state-space. The geometric proper-
ties of the ellipsoids are then used to obtain the maxi-
mum output bound. We first introduce a new theorem
that determines a set of linear matrix inequalities that
must be satisfied for the ellipsoid sets to be invariant and
to contain the trajectory of the state-variable. The the-
orem is then used to construct a procedure, suiteable for
use with the 2-sliding mode controllers, to find maximum
output bound for some choice of tuning parameters.
Theorem 1. Suppose a system with state variable y ∈
Rn is governed by a sequential series of dynamic equa-
tions of the form
y˙ =Aiy − Biρi
y˙ =Ai+1y − Bi+1ρi+1
3
where A ∈ Rn×n, B ∈ Rn, and ρ ∈ R1. Switching from
the ith to the (i + 1)th dynamic equation occurs when
the trajectory of y crosses the manifold Ciy = βi, where
Ci ∈ R1×n. If the trajectory, while governed by the ith
dynamic equation, starts within or enters a set bounded
by an ellipsoid
(
y −A−1i Biρi
)T
Pi
(
y −A−1i Biρi
) ≤ 1
then after crossing the manifold Cy = βi, the trajectory,
while governed by the (i+ 1)th dynamic equation, will be
enclosed by an ellipsoid
(
y −A−1i+1Bi+1ρi+1
)T
Pi+1
(
y −A−1i+1Bi+1ρi+1
) ≤ 1
provided the following conditions are satisfied:
(1) ATi Pi + PiAi < 0
(2) ATi+1Pi+1 + Pi+1Ai+1 < 0
(3)
[
P¯i + λ¯CTC − Pi+1 Q12
QT12 Q22
]
> 0
Q12 = −P¯i
(A−1i Biρi)− CTβiλ¯+ Pi+1 (A−1i+1Bi+1ρi+1)
Q22 = 1− τ¯ + λ¯
(
β2i − γ2
)
+
(A−1i Biρi)T P¯i (A−1i Biρi)
− (A−1i+1Bi+1ρi+1)T Pi+1 (A−1i+1Bi+1ρi+1)
∃τ¯ > 0, λ¯ > 0, and P¯i = τ¯i and Pi+1 are real symmetric
positive definite matrices.
Proof. Introducing a new state variable y¯i = y −
A−1i Biρi, so that the ith dynamic equation becomes
˙¯y = Aiy¯i. Define a set enclosed by an ellipsoid as
Ωi ∈
{
y¯i : y¯
T
i Piy¯i ≤ 1
}
where Pi is some real symmet-
ric positive-definite matrix. Suppose the ellipsoid set
Ωi encloses either the starting point of the trajectory
or the point where the trajectory crosses some previ-
ous manifold Ci−1y = βi−1. If the ellipsoid set Ωi is
invariant, then by definition, the trajectory will remain
within Ωi for the duration that it is governed by the i
th
dynamic equation, that is, until the trajectory crosses
the manifold Ciy = βi. After crossing the manifold, the
system is governed by a different dynamic equation,
and invariance cannot be assured. The ellipsoid set Ωi
is invariant for the ith dynamic equation if it satisfies
the Lyapunov equation
ATi Pi + PiAi < 0 (13)
Introducing a positive scalar variable τ¯ and defining
P¯i = τ¯Pi. The significance of τ¯ will be addressed later.
Condition 1 is obtained by multiplying boths sides of
(13) by τ¯ and substituting P¯i.
Let us define a sub-set Ω´i ∈ Ωi as,
Ω´i ∈
{
y :
(
y −A−1i Biρi
)T
Pi
(
y −A−1i Biρi
) ≤ 1(−βi + yTCTi ) (Ciy − βi) < γ2
}
where γ > 0 is some small parameter that defines a
neighbourhood about the manifold Ciy = βi. Using the
S-procedure, a new inequality is defined for all y /∈ Ω´i,
yT
(
Pi + λCTi Ci
)
y − 2 (λβiCi + (A−1i Biρi)Pi) y
+
(A−1i Biρi)T Pi (A−1i Biρi)− 1− λ (γ − β2i ) > 0 (14)
∃λ > 0. We now introduce a new state variable y¯i+1 =
y−A−1i+1Bi+1ρi+1 such that the (i+ 1)th dynamic equa-
tion becomes ˙¯yi+1 = Ai+1y¯i+1. As before, we define
an ellipsoid set Ωi+1 ∈
{
y¯i+1 : y¯
T
i+1Pi+1y¯i+1 ≤ 1
}
where
Pi+1 is a real symmetric positive definite matrix. The
ellipsoid set Ωi+1 is invariant if Pi+1 satisfies the Lya-
punov equation,
ATi+1Pi+1 + Pi+1Ai+1 < 0 (15)
If a trajectory, governed by the (i+ 1)th dynamic equa-
tion, starts within or enters the ellipsoidal set Ωi+1, and
that set is invariant, then the trajectory will be enclosed
by the ellipsoidal set Ωi+1 for the duration that it is gov-
erned by the (i + 1)th dynamic equation, that is, until
the next manifold is crossed. Thus condition 2 is derived.
If the subset Ω´i ∈ Ωi+1, it follows that any trajectory
governed by the ith dynamic equation, that starts within
an invariant ellipsoid set y¯Ti Piy¯i ≤ 1, will enter the el-
lipsoid set y¯Ti+1Pi+1y¯i+1 ≤ 1 as it crosses the manifold.
If the second ellipsoid set is invariant, then the trajec-
tory will be enclosed by that set until it reaches the next
manifold. Thus, the trajectory is enclosed to one of a
succession of invariant ellipsoids that change as the tra-
jectory crosses each manifold.
The union of all the sets bounded between the manifolds
and the edge of the ellipsoid sets, form a limit on the
trajectory of the switching system, as shown in figure
1. Using the S-procedure a new condition for y ∈ Ω´i ∈
Ωi+1 is derived,
yT
(
Pi + λCTi Ci
)
y − 2
(
λβiCi +
(A−1i Biρi)T Pi) y
+
(A−1i Biρi)T Pi (A−1i Biρi)+ τ − 1 + λ (β2i − γ2)
−τ (y −A−1i+1Bi+1ρi+1)T Pi+1 (y −A−1i+1Bi+1ρi+1) > 0
(16)
∃τ > 0, λ > 0. Denote τ¯ = 1/τ , P¯1 = P1/τ , and λ¯ =
λ/τ , then, the inequality can be expressed as the linear
matrix inequality (LMI) in condition 3.
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We now outline a general procedure for obtaining the
maximum output bound based on theorem 1. Denote
σ = χy, where χ ∈ R1×n as the output we wish to obtain
the maximum bound of. Introducing y¯Ti+1χ
Tχy¯i+1 < 
where  is a bound on the output. In our original coor-
dinate system, the maximum output bound in terms of
 is,
σMax = sgn(σMax)
√
+ χA−1i+1Bi+1ρi+1 ≥ χy (17)
We seek the minimum  such that,
y¯Ti+1Pi+1y¯i+1 > y¯
T
i+1χ
T (1/)χy¯i+1 (18)
i.e. the output bound is within the second invariant el-
lipsoid. For i = 1, the objective can be redefined in the
form of the following convex LMI optimization problem:
For some positive definite symmetrical P¯1, P2 ∈ Rn×n,
minimize  such that:
(1)
[
P2 χ
T
χ 
]
≥ 0
(2)
(
y −A−11 B1ρ1
)T
P1
(
y −A−11 B1ρ1
) ≤ τ¯
(3) AT1 P¯1 + P¯1A1 < 0
(4) AT2 P2 + P2A2 < 0
(5)
[
P¯1 + λ¯CTC − P2 Q12
QT12 Q22
]
> 0
Q12 = −P¯1
(A−11 B1ρ1)− CTβ1γ¯ + P2 (A−12 B2ρ2)
Q22 = 1− τ¯ + λ¯
(
β21 − γ2
)
+
(A−11 B1ρ1)T P1 (A−11 B1ρ1)
− (A−12 B2ρ2)T P2 (A−12 B2ρ2)
∃τ¯ > 0, λ¯ > 0 where step 1 is the Schur complement of
18, and steps 2-5 are obtained from theorem 1.
The state-trajectory of the system may cross multiple
switching manifolds before reaching the maximum out-
put. Successive invariant ellipsoids for i ≥ 2 are obtained
by successive use of the following convex LMI optimiza-
tion: For some positive symmetrical Pi+1 ∈ Rn×n, and
a known Pi - which is obtained from the previous opti-
mization - minimize  such that:
(1)
[
Pi+1 χ
T
χ 
]
≥ 0
(2) ATi+1P¯i+1 + P¯i+1Ai+1 < 0
(3)
[
τ¯ P¯i + λ¯CTi CTi − Pi+1 Q12
QT12 Q22
]
> 0
Q12 = −P¯i
(A−1i Biρi)− CTi βiλ¯+ Pi+1 (A−1i+1Bi+1ρi+1)
Q22 = 1− τ¯ + λ¯
(
β2i − γ2
)
+
(A−1i Biρi)T P¯i (A−1i Biρi)
− (A−1i+1Bi+1ρi+1)T Pi+1 (A−1i+1Bi+1ρi+1)
∃τ¯ > 0, λ¯ > 0.
We consider the application of this procedure to finding
the maximum output bound of systems controlled by
the 2-sliding mode controllers. Any linear system of the
form,
x˙ = Ax+Bu(t), σ = Sx (19)
controlled by either the twisting controller or generalised
sub-optimal controller, can be expressed as the switch-
ing system in theorem 1. Thus, we can use the outlined
procedure to obtain the maximum output bound. The
homogenous controller has a nonlinear swithcing mani-
fold and requires a modification to the procedure before
it can be used.
1) The twisting controller has two switching manifolds,
σ = 0 and σ˙ = 0 and four possible ρi; one for each
quadrant of the state-space {σ, σ˙}, e.g. ρi = r1 + r2 for
{σ > 0, σ˙ > 0}, ρi = −r1 − r2 for {σ < 0, σ˙ < 0}, etc.
2) The generalized sub-optimal controller has a switch-
ing manifold that moves proportionally with the peak
oscillations of the output sliding variable, that is σ =
r2σM , where σM is the previous extremal value of the
oscillating σ. The controller has two possible ρi; they are
ρi = r1, and ρi = −r1
3) The homogenous controller has a nonlinear switching
manifold, and thus theorem 1 cannot be directly applied.
Denote Σ(y) = 0 as the nonlinear manifold. We derive
a new condition which can be used to guarantee that
the set Ωi+1 encloses the union of the set Ωi and the
manifold Σ(y) between zero and some maximum upper-
bound. For simplicity, we consider the case where the
trajectory begins in the half-plane σ > 0. Define,
σ = χ1y, σ˙ = χ2y, and χ =
[
χ1 χ2
]T
(20)
Let us denote Ω˜i as a new elliptical set,
Ω˜i ∈
{
y : 0 < χ1y < σ˜, (χy − E)T P˜ (χy − E) < 1
}
where E =
[
1/
√
P11 0
]T
, P˜ ∈ R2×2 is
P˜ =
[
P11 0
0
(
2
√
P11 − P11σ˜
)
/r22
]
∀P11 > 0
and σ˜ is an upper-bound on the sliding variable output.
It follows that Ω˜i ⊇ {y : Σ(y) = 0, 0 < χ1y < σ˜}. The
set Ω´i in theorem 1 is redefined as Ω´i ∈
{
Ω˜i ∩ Ωi
}
, and
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a new inequality proposed that defines y /∈ Ω´i,
yT
(
P1 + λχ
T P˜χ− P2
)
y − 2
(
P1
(A−1Br1)+ λχT P˜E) y
+
(A−1B)T P1 (A−1B)− 1− λ+ λET P˜E > 0 (21)
A new LMI is derived by following the proof of theorem
1, but with (14) replaced by (21):
[
P¯1 + λ¯χ
T P˜χ− P2 Q12
QT12 Q22
]
> 0
Q12 = −P¯1
(A−1Br1)− λ¯CT P˜E − P2 (A−1Br1)
Q22 = 1− τ¯ +
(A−1Br1)T P¯1 (A−1Br1)
− (A−1Br2)P2 (A−1Br2) (22)
∃τ¯ > 0, λ¯ > 0. The maximum output bound is −√ −
χ1A−1Br1−1, where  is obtained by following the gen-
eral outlined procedure but with step 5 replaced by the
new LMI. For systems starting in the half-plane σ < 0,
the following parameters are replaced: E = −E, r1 =
−r1.
5 Example
We illustrate the proposed performance estimation tech-
niques with an example second order system with actua-
tor and sensor parasitic dynamics. Introducing a system
with second order plant, sliding variable as output, and
a set of fast-acting first order dynamics acting on the
actuator and sensors,

z˙
z¨
0.03x˙
0.03x¨
0.01 ˙˜u

=

0 1 0 0 0
−15 −5 0 0 3
1 0 −1 0 0
0 1 0 −1 0
0 0 0 0 −1


z
z˙
x
x˙
u˜

+

0
0
0
0
1

u(σ)
σ = 10x+ x˙
The proposed procedures are used to predict chatter am-
plitude, settling time, and maximum output bound of
the system. Chattering was found either directly from
the system Nyquist plot or via optimization algorithm.
Settling times were found by calculating ζ and ω at dis-
crete points of the amplitude, followed by numerical in-
tegration to find a solution to (9). The LMI problems
for maximum output bound were solved using the Mat-
lab LMI toolbox (MathWorks Inc, USA). The system is
simulated using Simulink for comparison with predicted
values. The predicted results are shown in table 1 and
simulation results in table 2.
Table 1
Predicted results
Controller Chattering Settling Output
Amplitude time (af∗) Bound
Twisting 0.174 0.13 0.46
r1 = 10,r2 = 3 (0.3)
Homogenous 0.055
r1 = 10,r2 = 15 (0.2)
Generalized 0.161 0.18 0.32
sub-optimal (0.2)
r1 = 10,r2 = 0.3
*settling time is from σ(0) = 1 to σ(ts) = af
Table 2
Simulated results
Controller Chattering Settling Output
Amplitude time (af∗) Bound
Twisting 0.188 0.15 (0.3) 0.38
r1 = 10,r2 = 3
Homogenous 0.016
r1 = 10,r2 = 15
Generalized 0.172 0.16 (0.2) 0.24
sub-optimal
r1 = 10,r2 = 0.3
*settling time is from σ(0) = 1 to σ(ts) = af
6 Conclusion
The comprehensive formalization of tuning procedures
for chatter suppression sliding mode control is necessary
to encourage their wider use in real systems. This pa-
pers contribution is towards this goal, by establishing
straightforward procedures to estimate key performance
metrics of some common chatter suppression 2-sliding
mode controllers.
Harmonic linearization functions are derived to estimate
instantaneous frequency and damping during transient
phase. These are used to find settling times between an
initial starting amplitude and some final amplitude, and
to find the amplitude of chatter under steady-state con-
ditions. Both procedures are found to be accurate in
an example system which satisfies the low-pass filter as-
sumption. This assumption, in general, is not overly re-
strictive and is true for a wide range of systems. A pro-
cedure based on invariant ellipsoids is presented to es-
timate the maximum output bound. This method com-
putes a sequential series of invariant ellipsoids which
enclose the state-trajectory of the 2-sliding mode con-
trolled system. A set of linear matrix inequalities (LMIs)
are derived to compute the ellipsoids sets. Optimal so-
lutions are readily found using standard LMI methods.
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EVALUATION OF ROBOTICS IN SURGERY: CLINICAL NEED 
AND EFFICACY 
M. D. O’TOOLE, K. BOUAZZA-MAROUF, D. KERR 
Wolfson School, Loughborough University, 
Loughborough, Leicestershire LE11 3TU, UK 
M. VLOEBERGHS 
School of Human Development, Queen’s Medical Centre,  
Nottingham, Nottinghamshire,  NG7 2UH,UK 
Surgical robotic systems have the potential to facilitate and increase the efficiency of 
surgical procedures, and improve patient outcomes. However, the up-take of this 
technology has been poor despite considerable research activity and the existence of  
several available commercial systems. In this paper, the reasons for poor up-take are 
examined by evaluating the clinical evidence base for several commercial surgical 
robotic systems. In particular, clinical need and efficacy are assessed. It is argued that a 
low quality evidence base and inability to prove an advantageous cost-to benefit ratio are 
the major inhibitors to wide-spread adoption of current surgical robotic systems. 
1.   Introduction 
Surgical robotics is a growing discipline, continuously expanding with an influx 
of new ideas and research. A recent review by Pott et al. [1], recorded 159 
robotic devices, in fields including medical imaging, abdominal and thoracic 
surgery, ear, nose and throat (ENT), oral and maxillofacial surgery, 
neurosurgery, orthopaedics, radiosurgery, trauma surgery and urology, and yet 
this review was not exhaustive. Despite this proliferation, surgical robotics have 
not seen widespread adoption in the operating room. The high cost of the robotic 
systems can only be justified if there exists a genuine clinical need, and the 
system efficacy can produce a favorable cost-to-benefit ratio. However, the 
extent to which present robotic devices conform to this criteria is an open 
question. In this paper, a survey of existing commercial robotic systems is 
presented based on their respective clinical evidence base. Common clinical 
needs and the justification for using a robotic system are examined, and the 
impact of using each robotic system in a surgical procedure assessed. The  
ultimate objective is to assist designers of next-generation devices by 
investigating  the reasons for the limited uptake of surgical-robotic systems. 
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2.   Methodology 
The importance of clinical need and efficacy are evaluated using twelve 
exemplar commercial surgical robotic systems. The criteria for the selection of 
the robotic systems is that they are commercially available at present or until 
recently. A selection of clinical trials were chosen using the PUBMED database. 
The clinical trials for each system, referred to as the evidence base, is assessed 
using two metrics; the number of patients operated on or operations performed, 
and a quality classification score.  The quality classifications are as follows: 
Class I: The majority of the evidence base consists of subjective views of 
surgeons and patients and quantitative evidence without proven statistical 
significance.  
Class II: The majority of the evidence base consists of clinical trials which 
show a statistically significant quantitative improvement over existing 
procedures. However, strict trial conditions may not have been adhered to, and 
there may be significant error due to poor trial methodology, e.g. small sample 
size, no control group, etc.   
Class III: The majority of the evidence base consists of clinical trials which 
show a statistically significant quantitative improvement over existing 
procedures under strict trial conditions. Where it is claimed that the 
improvement benefits  patient outcome, a link to symptomatic benefit is shown. 
Table 1 show the quality classification and number of patients operated on 
for the twelve robotic systems:  
 
Table 1: Surgical robotic systems, references, patient numbers, and quality scores 
Robotic systems Refs. Pat. 
No. 
Qual. 
 
AESOP (Intuitive Surgical, USA) [2, 3] 170 II 
Acrobot®  (Acrobot Ltd, London, UK) [4, 5] 13 III 
CyberKnife (Accuray Inc, USA) [6, 7] 176 II 
Da Vinci (Intuitive Surgical, USA) [8-20] 2964 II 
EndoAssist (Prosurgics, High Wycombe, UK) [21-23] 65 III 
Lapman© (MedSys, Gembloux, Belgium) [24] 48 II 
NeuroMate (Integrated Surgical Systems, USA)  [25, 26] 153 II 
Naviot® (Hitachi Hybrid Network Co., Japan) [27-29] 12 II 
PathFinder™ (ProSurgics, High Wycombe, UK) [30] 3 II 
ROBODOC (Integrated Surgical Systems, USA) [31-36] 281 II 
SpineAssist® (Mazor Surgical Tech., Israel) [37-39] 65 II 
Zeus  (Intuitive Surgical, USA) [40-44] 72 II 
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3.   Clinical need 
The clinical needs and their description with the corresponding robotic system 
satisfying such need are given in table 2. They include; minimally invasive 
surgery, bone resection, endoscope control, frameless stereotactic systems, screw 
placement, and radiosurgery. Each of the clinical needs has been established 
because of a clearly defined deficiency in current surgical practice. For example, 
there is a need for consistent accuracy in bone-resection. In this section, the 
importance of clinical needs and the usefulness of corresponding robotic systems 
are discussed. 
Minimally invasive surgery, for example, is a technique able to minimize 
surgical trauma to the patient by performing surgical tasks through small 
incisions in the skin using trocars and microtools. However, such a technique is 
known to have a number of drawbacks for the surgeon. These include; reduced 
depth perception from the use of an endoscopic camera, difficult hand-eye-target 
coordination, magnification of hand tremor through long instruments (e.g. the 
trocars), limited range of motion and degrees of freedom, reversed motion 
through the fulcrum point at the skin incision, increased fatigue due to camera 
instability, and limited tactile feedback [45].  
There are a number of difficulties over the control of the endoscopic camera 
which, during surgery, is given to an operative assistant who must attempt to 
align the view of the camera according the surgeon’s instructions. The use of 
robotic systems for the control of an endoscope, such as AESOP, EndoAssist, or 
Naviot®, can address this deficiency by allowing the surgeon to control the 
camera directly through a convenient control interface such as a foot pedal or 
finger joystick, or through more sophisticated means such as voice control or 
motion of the surgeons head [22, 46].  
More comprehensive, and thus more expensive, robotic systems, such as Da 
Vinci or Zeus, go beyond simple camera manipulation by performing entire 
minimally invasive interventions inside the body under direct surgeon control. 
Such robotic systems are based on a master-slave architecture which allows for 
processing and augmentation of the surgeons inputs at the master-control for 
physical realization at the slave-robot. The outcome is that the robotic device can 
mitigate many of the disadvantages of the minimally invasive technique by 
providing more precise and controlled motions at the robot tip, in addition to a 
more intuitive and user-friendly interface at the surgeon’s console.  
Other identified needs, such as the accurate resection of bone, or precise 
alignment tasks such as pedicle screw placement in the spine and the locking of 
an intramedullary nail in femoral shaft fractures, require a high degree of three-
 4 
dimensional accuracy. This is a challenging task for a surgeon to perform 
manually as it requires a complex calculation from imaging data to physical 
space. A robotic system can register its workspace to an image-set, and is thus 
able to perform part or all of the procedure either actively – for instance in the 
case of ROBODOC which performs bone resection autonomously – or provide 
guidance for the surgeon to perform the procedure accurately – for instance 
SpineAssist®, a robotic device that is attached to the spine to provide a physical 
guide for the surgeon to orientate the pedicle screws. Acrobot® uses a combined 
approach in the form of using dynamic constraints; where the robot actively 
opposes the surgeons motions when the edge of a preoperatively defined 
envelope is reached.  
   
Table 2: Clinical need of surgical robotic systems 
Clinical Need and description Robotic 
Systems 
Minimally invasive surgery: Performing surgery through a 
set of small incisions in the body using trocars with microtools 
at the distal end, and an Endoscopic camera.   
Da Vinci, 
Zeus 
Endoscope control: An endoscopic camera is held by an 
operative assistant who must attempt to predict the optimum 
view based on the surgeon’s instructions, and hold the camera 
steady with minimum tremor. 
AESOP, 
EndoAssist, 
Lapman©, 
Naviot® 
Bone Resection: The accurate cutting of bone in, for 
example, knee joint surgery or placement of prosthesis or 
implants. 
Acrobot® , 
ROBODOC 
Screw placement: Accurate placement of screw/nails in 
surgery. For example, the placement of pedicle screws in 
lumbar spinal fusion, or locking of intramedullary nail in 
femoral shaft fracture. 
SpinAssist® 
Frameless stereotactic surgery: Stereotactic frames are used 
to achieve accurate positioning relative to preoperative images 
in neurosurgery. The frame is mounted to patient’s head 
during imaging phase. The frames are bulky and 
uncomfortable for the patient and require an additional 
procedure to fit. 
NeuroMate, 
Pathfinder™ 
Radiosurgery: Uses targeted radiation doses to ablate 
malignant tumors and benign lesions. High levels of accuracy 
required to make radiation dose conform to tumor shape and 
minimize damage to surrounding tissue.  
CyberKnife 
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A stereotactic frame is a mechanical device that is commonly used in 
neurosurgery for precise targeting of structures within the cranium The 
deficiencies associated with these frames are well known, including the 
requirement for a secondary procedure to fit the frame, bulky and uncomfortable 
for the patient, and error prone calculations to transform frame coordinates [47]. 
Robotic systems, such as NeuroMate and Pathfinder™, have thus been proposed 
that can register to preoperative images and can provide an accurate frameless 
option. Similarly robotic systems such as Cyberknife have been used to 
overcome the problems associated with stereotactic frames used in radiosurgery 
procedures – the treatment of brain disorders using ionising radiation – adding 
benefits such as extracranial radiosurgery and motion tracking [48]. 
Future robotic systems will establish a clinical need by co-developing novel 
treatment modalities of which robots are intrinsic. Micro-robotics for example, 
are a potentially significant development in robotic surgery. Potential areas for 
exploitation of this technology include microsurgery, cell handling, and sensing 
and diagnosis. Swimming micro-robots have been proposed to extend the 
surgeons reach inside the body without the need for invasive interventions. Such 
technology could be useful as a diagnosis facility by supplying specific 
information direct from the location under examination. A variety of swimming 
mechanisms have been proposed including, electromagnetic fins [49], oscillating 
elastic tails actuated by piezo-electrics [50], the use of external magnetic fields 
[51], and biomimetic propulsion based on the flagellar motion of prokaryotic 
micro-organisms [52]. Dario et al. are in the process of developing a capsule 
with legs able to crawl in the body for endoscopic analysis of the gastrointestinal 
tract [53].  Such devices are in an early state of development, but there may be 
considerable potential to create new and possibly revolutionary operative 
methods if and when this technology matures. 
4.   Efficacy 
Each surgical system has a well defined clinical need. In this section, the efficacy 
of the systems in addressing this need is assessed by their impact on the outcome 
of the surgery. Two categories are considered; (1) efficacy relating to the patient, 
i.e. how does use of the robotic system improve (or reduce) the wellbeing of the 
patient; and  (2) efficacy relating to the surgeon, i.e. how does use of the system 
effect the surgeon’s comfort or convenience, or change the efficiency of the 
procedure. An overview of the surveyed clinical trials is shown in table 3. A ‘+’ 
indicates an improvement in efficacy, ‘-’ a reduction and ‘x’ no advantage. Both 
signs are accompanied by a classification (I,II, or III, see section 2) which 
 6 
indicates the quality of the evidence supporting the specific effect, i.e. +III 
would indicate an improvement, evidenced by clinical trials of class III. 
 
Table 3: Efficiacy of surgical robotic systems.  
Robotic systems Patient Surgeon. 
AESOP  x -II 
Acrobot®   +III -I 
CyberKnife  +II +I 
Da Vinci  +II +II 
EndoAssist  x +III 
Lapman©  x +II 
NeuroMate  +II -I 
Naviot®  x -II 
PathFinder™  +II +II 
ROBODOC  +II -II 
SpineAssist®  +II -II 
Zeus   +II +II 
 
All robotic systems were able to demonstrate competence at their specific task. 
The majority showed some advantage over conventional surgery. However, the 
evidence base for surgical robotic devices is poor. Firstly, as shown in table 1, 
the collected pool of clinical trials, particularly high quality trials (class III), and 
the total number of patients operated on are small. The building of an evidence 
base to prove system efficacy can be both costly and time consuming. Well 
established robotic systems such as Da Vinci, have a larger pool of clinical trials, 
however the number of patients that have been operated on is still relatively 
small considering the varying tasks performed by this system.  
Secondly, it is difficult to compare robotic and non-robotic performance 
even with existing evidence. For instance, the Da Vinci system has shown 
improved results using new methods in radical prostatectomy [9]. However, it is 
unclear as to what extent the robot was responsible for the improved results and 
how intrinsic it is to this method. Other non-robotic methods have also shown 
similar positive results in this area. A systematic and complete review of the 
trials using the Da Vinci system is beyond the scope of this work. However, the 
review of a sample of the trials published between 2006 to present [8-20] (which 
includes trials published by the manufacturer, Intuitive Surgical, on their 
website) shows no clear improvement in clinical outcome over non-robotic 
minimally invasive methods. Nor does it show any fall in effectiveness which 
can be attributed to the introduction of a robotic system.  
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Even for surgical robotic systems with more directly measurable benefits, it 
can be unclear what symptomatic outcome has been achieved. For example, 
robotic systems for bone resection, screw placement, and frameless stereotaxy all 
give results showing significant improvement in accuracy, but the symptomatic 
benefit to the patient this improved accuracy brings is largely unclear. For 
instance in joint replacement, it is unknown what effect high bone resection 
accuracy has on the longevity of the implant [54]. Without a clear benefit to the 
patient it is difficult to justify the high cost of most surgical robotic devices. 
5.   Conclusion 
The use of robotic system to assist in surgical procedures can be beneficial for 
the patient by improving outcomes, or the surgeon by facilitating and increasing 
the efficiency of the procedure. However, the up-take of surgical robotics has 
been poor despite considerable research interest. The reasons for this disparity 
are evident when evaluating clinical need and system efficacy of the major 
commercial robotic systems. 
The robotic systems have a clear and well defined purpose, drawn from a set 
of common clinical needs. Each system can competently perform these 
procedure and convey some advantage over a non-robotic equivalent. However, 
the robotic systems reviewed suffer a poor clinical evidence base and can only 
show competence in clinical efficacy, but not symptomatic improvement. It is 
argued that, in the main, the absence of solid and tangible evidence of an 
improved symptomatic outcome is responsible for restraining the wide take-up 
of surgical robotics and should be a major focus for future research. 
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ANALYTICAL SAFETY IN AUTONOMOUS SURGICAL 
DRILLING 
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Analytical safety for fault detection is a well established and well used technique in 
industrial automation; it has considerable potential to enhance safety in surgical robotic 
systems. This technique uses multiple inputs and knowledge of plant processes to detect 
and diagnose a larger range of faults than the conservative safe-design techniques 
typically used in surgical robot design. In this paper, a sliding mode observer for robust 
state-estimation and fault reconstruction is designed using system and drilling process 
models. To account for parametric uncertainty, the fault signals under normal fault-free 
operating conditions are investigated. A fault-state is identified  when the fault signals 
lay outside a certain region on the fault signal plane. A second region is identified that 
signifies pre-contact and post-breakthrough situations. Thus, the scheme is also able to 
both detect faults and identify stages in the drilling process. 
1.   Introduction 
Surgical robots must be proved safe beyond reasonable doubt; particularly when 
they employ active components that interact with a patient. Thus far, designers 
have relied on rudimentary and conservative approaches to safety in their design, 
e.g. limited motion, low-force actuators, redundant sensors, and hardwired 
manual emergency buttons. These approaches, though tried and tested, can be 
restrictive to the design of a robot. For instance, limiting motion and force 
confines the range of possible tasks the robot can perform, and redundant 
sensors add complexity with consequences to the expense and reliability of the 
robot.  
Analytical safety and fault detection have played an important role in 
industrial automation; providing a means of detecting incipient and intermittent 
faults occurring in automated procedures. Methods include simple limit value 
checking, and signal analysis [1]. Alternatively, process model in the form of 
 2 
observers have been used to detect faults by using dependencies between 
different measurable signals [2]. Detection can be realized by changes in model 
parameter estimates, state estimates, or residuals. Thus far, analytical techniques 
have been mostly ignored by surgical robot designers, favoring the more 
simplistic methods already described. However, analytical methods, and in 
particular model-based methods, can provide insight into the process and a better 
understanding of normative operating conditions without effecting the robot’s 
design constraints. 
In the field of surgical robotics, a number of simple empirical approaches 
have been used to detect significant events such as breakthrough (which can be 
characterized as a fault) in surgical-drilling. Ong and Bouazza-Marouf [3] 
developed a mechatronic system for bone-drilling. The system used a peak in the 
discrete derivative of thrust force and a percentage drop in rotational speed from 
peak-value. A first-order Kalman filter was used to smooth major fluctuations in 
input signal, and increase method robustness to false positives. Lee et al. [4] 
developed a mechatronic system that used dual force-feedback control to 
regulate drill torque and feed-speed in the drilling of porcine scapulae and skull. 
The system detected breakthrough by detecting trends in low-pass filtered torque 
and feed-rate signals, as well as a peak in band-pass filtered thrust force.  
Brett et al. [5] developed a system to detect key events using force and 
torque profiles while drilling the stapes foot-plate of the inner ear. A linear 
regression technique was applied to a window of force and torque input values. 
The onset of breakthrough was detected by fulfillment of a logical rule using 
point of axis intersection of the linear regression for torque and force profiles 
and the gradient of the force profile. When the rule was fired the drill was 
retracted to the bone’s neutral position and advanced a set distance to complete 
the hole. The system has been used for cochleostomy on porcine and cadaver 
specimens, and has been tested on patients in theatre [6].  
 This work introduces a fault-detection strategy for autonomous surgical 
drilling tasks. A non-linear sliding mode observer is designed using a model of 
known components of the system, that is the mechatronic drill system and some 
nominal component of a drill model. In addition, it is assumed that there exists 
some connection between uncertainty in the torque component of the drill model 
and uncertainty in the thrust component. This assumption is investigated in order 
to produce a simple and robust method to distinguish fault condition from 
parameter uncertainty in the observer’s fault signal.    
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2.   System Model 
Modeling the process of drilling to predict torque and thrust force is made 
difficult by uncertain material properties and the complex geometry of the twist 
drill. Most drilling models have been developed for metals as they exhibit 
considerable homogeneity relative to other materials, which simplifies the 
process of modeling [7-9]. Bone drilling models have also been produced [10-
12], however these have tended to assumed that bone behaves in a similar way to 
metal. Having reviewed these drill models a linearised general form can be 
deduced: 
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where BF  is the resistive thrust force and Bτ  is the resistive torque acting at the 
drill-tip, f is the feed-rate, ω  is the drill rotation speed, and α  and β  are the 
linearised constants. )(⋅∆α  and )(⋅∆β  are functions of the error caused by the 
respective linearised constants. 
 
 
 
 
Figure 1. Robotic drilling rig 
 
The drill system and free body diagram is shown in figure 1. The system 
was previously developed to demonstrate breakthrough detection in orthopaedic 
drilling [3, 13]. It consists of an air-drill mounted onto a carriage with one 
degree of freedom along a set of linear bearing rails. The carriage is propelled by 
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a linear actuator system consisting of a lead-screw and stepper motor. A load-
cell is attached to the linear actuator to transmit motion to the carriage and 
measure drill-tip forces in the carriage’s degree of freedom (thrust force).  
 The system equation for the complete system can be put in the state-space 
form 
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3.   Fault Detection Observer 
Sliding mode observers are simple, robust and transparent solutions to fault 
detection and state-estimation. Their properties make them a highly suitable 
choice for fault-detection in a safety-critical application. The non-linear sliding 
mode observer proposed by Yan and Edwards [14] is used for the surgical drill 
fault detection scheme. The system equation and output equation are transformed 
into the canonical form via a transformation Txx =~ . The sliding surface for a 
sliding mode observer is defined as { }0:),( 1 == yy eeeχ . Then a sliding mode 
observer can be designed of the form 
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where the observer error ye  is the error between the output of the plant and 
output of the observer, yye y ˆ−= . The gain matrix K  is designed so that the 
error system between the states of the nominal linear component of the observer 
and nominal linear component of the system equations are asymptotically stable, 
i.e. eAe o=&  where [ ]  T1 yeee = and  111 ~ˆ~ xxe −=  is asymptotically stable. δ  is 
some small value to smooth the injection term and avoid chattering. Provided 
that the gain function k  is sufficiently large, the observer proposed in equation 
(3) will drive the system trajectory towards the sliding surface.  
The fault signal can be reconstructed using the equivalent injection term v  
 ),,~(),,( 122 tuxTEvtuyfD −Ψ−=  (4) 
Clearly, the accuracy of the reconstructed fault signal is dependent on 
minimizing the upper-bound of the uncertainty term. To minimize the upper-
bound, it is proposed to use the coupled properties of drilling torque and thrust 
force be used to distinguished between fault and uncertainty. 
4.   Results and Discussion  
A simulation of the drilling process using realistic parameters was used to test 
the behavior of the designed observer. The observer was found to be able to 
closely match the chosen state variables. However, there were significant 
chattering effects due to the discontinuous injection function, and that at lower 
sampling frequencies the system could become unstable due to the high gain 
properties of the sliding mode observer. These effects were remedied by 
increasing the δ  term in the equivalent injection function, which reduced the 
chattering at the expense of fault reconstruction accuracy, and using a zero-order 
hold and dormand-prince integration routine. The high order integration routine 
interpolates between samples; settling the system transients before the observer 
is updated. The equivalent injection term was calculated separately at each 
interpolated point and subject to the same integration routine to find the overall 
injection. Finally, the observer was tested for its ability to reconstruct the fault. A 
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sinusoidal fault signal was added to each of the fault channels in turn. The 
observer was able to accurately reconstruct the fault signals in each case. 
The observer performance was tested experimentally on foam samples used 
as a bone analogue. The experimental test rig shown in figure 1 was used to 
measure force and drill-bit rotation speed. Force data was obtained using a 
custom amplifier and PC30AT DAQ card sampling at 100Hz. Drill-speed was 
obtained from a custom encoder reader, and difference derivative method. 
Digital filters were used to smooth the measured data. The observer parameters 
are shown in table 1 and the results shown in figure 2. The observer is able to 
closely match the measured parameters in both cases.  
The fault reconstruction signal for )(tf z  and )(tfθ  are shown in figure 3. 
The fault signal )(tf y  is considered trivial as it can be directly obtained without 
a model and is consequently ignored. The positive peaks at the ends of the signal 
indicate pre-contact and breakthrough respectively. The significant response of 
the fault signal in these two areas indicates that the proposed scheme is capable 
of identifying breakthrough and pre-contact situations. Between these regions, 
both fault signals drop to zero and subsequently drifts into the negative axis. The 
identical behavior of both signals indicates a correlation between the two signals, 
which may be exploited to derive a dynamic cross-coupled threshold.  
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Figure 2: Observer output estimation (grey) and measured values (black) for measured force 
(left) and drill rotation speed (right)    
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Table 1: Observer parameters                   Figure 3: Fault signals )(tf z (black) and )(tfθ  (grey) 
 
The drilling task was repeated a further six time. In each case, the 
characteristics of the signal and the performance of the observer in figures 2 and 
3 were confirmed. The fault signal plane for all seven results is shown in figure 
4. The plane reveals two regions; a grey and light grey region of the fault signal 
before contact with the foam and after breakthrough, and a black region where 
no fault is occurring. Defining the black region as a set 0F , and the grey and 
light grey region as IF , then it is clear that if { } 0)(),( Ftftfz ∈θ  then no fault is 
occurring. If { } Iz Ftftf ∈)(),( θ  then the detected fault is likely to be due to 
breakthrough or non-contact (i.e. before drilling as started). Thus, the fault 
signals can be used to identify the stages of the drilling process (pre-contact, 
contact, and breakthrough) and update the system accordingly. However, the two 
sets are not completely distinct and some overlap occurs. Evaluating the fault 
condition must rely on a suitable decision algorithm that can weigh the amount 
of overlap with other factors to decide between the sets. 
 
Figure 4: Fault detection plane. No fault (black), before contact (grey), and after breakthrough (light 
grey). 
Parameters 
315=α  
74.2=β  
135=BK N/mm 
01.0=m Kg 
005.0=J  
0078.0=mD  
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5.   Conclusion 
A fault detection scheme is investigated in this paper, for an autonomous drilling 
task in surgical robotics. This scheme uses a non-linear sliding mode observer to 
estimate states and reconstructs a fault signal pair. The observer exhibits highly 
desirable properties; being able to accurately and robustly estimate system states, 
and reconstruct fault signals from drill process and system models. Furthermore, 
a simple and effective method of distinguishing between parametric uncertainty 
in the model from genuine faults in the reconstructed fault signals is proposed 
and demonstrated. It is shown that if the fault signal lies outside a certain region 
of the fault signal plane, then a fault in the system has occurred. This method has 
the additional advantage of being able to identify stages in the drilling process 
based on the location of the fault signals on the fault signal plane. The robustness 
and performance properties of the observer, and  the intuitive simplicity of the 
fault detection technique, make the proposed scheme highly suited for use in 
autonomous surgical drilling.     
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SLIDING MODE CONTACT FORCE CONTROL FOR SLIP 
PREVENTION IN A ROBOTIC GRIPPER 
M. D. O’TOOLE, K. BOUAZZA-MAROUF, D. KERR 
Wolfson School, Loughborough University, 
Loughborough, Leicestershire LE11 3TU, UK 
M. VLOEBERGHS 
School of Human Development, Queen’s Medical Centre,  
Nottingham, Nottinghamshire,  NG7 2UH,UK 
Grasping a soft or fragile object requires the use of minimum contact force to prevent 
damage or deformation. Without precise knowledge of object and environment 
parameters, real-time feedback control must be used with a suitable slip sensor to 
regulate contact force and prevent the object slip. Furthermore, the controller must be 
designed to have good performance characteristics to rapidly modulate the finger-tip 
contact force in response to a slip-event. In this paper, a state-feedback linear controller 
and a sliding mode controller are designed for contact force control and slip prevention. 
The controllers are based on a system model that is suitable for a wide class of robotic 
gripper configurations. The controllers are evaluated using a simulation of a gripper 
picking up objects with varying properties under acceleration. In each case, the sliding 
mode scheme was found to have superior performance, exhibiting a more rapid response 
leading to a reduction in slip.   
1.   Introduction 
The soft-grasping problem requires a gripper to exert minimum contact force to 
maintain a static grasp of an object in optimal time and with minimal overshoot. 
If the precise characteristics of the gripper and object are known, e.g. weight, 
friction co-efficient, etc, optimal contact-force can be calculated. However, this 
level of knowledge is impractical in most circumstances. The problem of slip 
prevention in robotic grippers is twofold; (1) a suitable robust sensor to provide 
feedback on object slip, and (2) a real-time feedback controller for contact force 
and slip prevention.  
Detecting an object slipping requires a suitable sensor to convert the 
characteristics of slip into an output signal. Sensors tend to be structured to 
detect either object motion relative to sensors (slip-rate), vibration caused by 
stick-slip, or vibration caused by partial slip (incipient slip). Partial slip is a 
 2 
particularly useful measure as it can be detected when the object’s velocity 
relative to the gripper is zero [1-5]. However, these sensors tend to be quite 
complex and require an uneven pressure distribution across the sensor, which 
may be sub-optimal for gripping irregular shaped objects. Stick-slip vibration [6-
9] and object motion [10, 11] sensors require relatively simple and inexpensive 
slip detection sensors. The simplest form is based on rolling contact principle 
[10, 11] where slip induces some measurable rotation in the sensor. These 
sensors use uncomplicated designs and can be assembled from off-the-shelf 
components. It is interesting to note that vibration characteristics (magnitude and 
frequency) are a function of object slip-rate, and the former can be used to infer 
the latter. Accordingly, development of a generic contact force controller need 
not be sensor specific.  
In general, three different control strategies have been applied to overcome 
the soft-grasping problem; (1) direct and linear feedback control, (2) ratio 
control, and (3) fuzzy-logic based control. Direct and linear feedback controllers 
use the slip-signal to directly control grasp force in combination with a user 
command signal. The most basic example of this type of control is simple binary 
control, where the detection of slip triggers an event such as ‘close gripper 
command’ [9, 12]. Linear feedback controllers, such as proportional, 
proportional+derivative and integral controllers, have shown an improvement 
over simple binary approaches for optimal grasp force and robustness to 
differing object parameters [6, 13]. However, the controller gains are largely 
derived arbitrarily, and their robustness to different parameters is unknown  
Ratio control uses knowledge of shear force and contact force to maintain a 
constant ratio between the two – equivalent to the coefficient of friction. Clearly, 
the ratio is specific to the object-gripper interface, and some means of 
approximation is required. A partial slip sensor is particularly useful as it is able 
to detect the onset of slip, without gross-movement of the grasped object [1-5]. 
However, this technique requires the object finger-tip interface to be able to 
measure both contact force, shear force, and some characteristic of slip. The 
incorporation of additional sensory requirements in the limited finger-tip 
envelope is a non-trivial task.  
Fuzzy-logic controllers are a popular example of a model-free approach to 
uncertain or non-linear control problems. They are appealing in this application 
as they replace a model with a heuristic rule-set, circumventing the need for 
knowledge of the object properties such as mass and friction. Consequently, they 
have found use as controllers for soft-grasping contact-force control [7, 8, 14]. 
Nevertheless, the FLC membership functions must be defined arbitrarily, 
yielding sub-optimal controller outputs. Furthermore, the lack of model makes it 
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difficult to assess their robustness to differing circumstances. This problem was 
partially solved by using a neuro-fuzzy logic controller capable of re-tuning 
online [10]; yet, this method still required the use of training data. 
In this paper, a sliding mode controller suitable for a wide class of gripper 
configurations is designed for contact force control and slip-prevention. Sliding 
mode control is an effective technique for rapid dynamic response of control 
systems with bounded parameter uncertainty and external disturbances [15]. The 
sliding mode scheme is compared with a state-feedback linear controller using a 
simulation of an accelerating gripper grasping an objects with varying parameter 
sets. 
2.   Robotic Gripper Synthesis 
The gripper shown in figure 1 is used to develop the system equations. It can 
easily be shown that the system equations apply to a broad range of gripper 
types. A rolling contact slip-sensor is used in this application that can detect slip 
and slip-rate. It is clear from the preceding discussion that slip and slip-rate are 
common slip sensor detection variables. Thus, the choice of state-feedback 
variables can also be applied to a broad set of gripper-sensor configurations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Parallel robotic gripper and parameters (left), Gripper-object free-body diagram (right)  
 
The gripper in figure 1 is a parallel gripper actuated by a motor and a dual 
rack and pinion system. A rolling contact slip sensor is placed at the object 
contact interface of one of the gripper fingers. The adjacent finger’s contact 
interface is covered in an elastomer layer. The gripper finger-tip linear motion  is 
governed by 
 ),()()()()( tftKytyDttyJ τητ +−−= &&&  (1) 
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where )(ty  is the linear closing displacement, K  is the combined object stiffness 
and fingertip elastomer stiffness, D  the effective mechanism damping, J  the 
effective mechanism inertia, η  is a load transmission constant, and )(tτ  is the 
motor torque. The additional term ),( tf τ  represents system uncertainties, such 
as parameter mis-match, object stiffness, un-modeled dynamics or disturbances, 
and non-linearities due to finger-mechanism or backlash. 
The free-body diagram for the grasped object is shown in figure 1. The 
friction coefficient )(x&µ  between the contact surface is a function of velocity 
defined by the force-velocity relationship. For convenience, )(x&µ  is linearised 
about the static friction coefficient so that )()( xx s && µµµ ∆+= . Then, using this 
assumption, object slip is governed by 
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where )(tx&  is the slip-rate, )(txg&&  is gripper acceleration, objM  is the grasped 
object weight, g  is the gravitational constant, sD  is damping caused by the 
rolling contact slip sensor and viscous friction caused by object motion (when a 
rolling contact sensor is not used, only the latter is considered), and α  is a factor 
between 0 and 1 that is defined by the tilt of the gripper. )),(),(( ttytx&Ψ  is an 
uncertainty term that includes non-linearity of the friction coefficient, gripper 
acceleration, gravity, and the function )(tfs  - which represents  model parameter 
mis-match, or unmodelled dynamics and disturbances. In certain circumstances, 
gravity and acceleration may be known by either sensors or as feed-forward 
variables from a robot trajectory controller. However, this is not always practical 
and for the present discussion is considered unknown. Finally for controller 
synthesis, it is assumed that all uncertainty is finite with known upper-bounds.  
2.1.   Sliding Mode Controller Synthesis 
The gripper and slipping equations of motion (equations (1) and (2) respectively) 
can be placed in the state-space form. Choosing state variable 
[ ]Ttytytxtxx )()()()( &&= , input variable )()( ttu τ= , and uncertainty vector 
[ ]),(0)(0)( tftt τξ Ψ= , then 
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A model reference sliding mode control scheme is proposed to control the 
system in equation (3) [15]. Introducing a model-system with ideal system 
response 
 )()()( trBtAt mm += ωω&  (4) 
where )(tω  is the state vector which corresponds to the ideal state trajectories of 
the state vector in (3), i.e. when the system in (6) follows the ideal system, the 
error state 0)()()( =−= ttxte ω , and )(tr  is the reference signal signifying the 
desired finger-tip position. The ideal model is designed by choosing suitable 
poles in the far-left plane for good disturbance and uncertainty rejection 
properties without overshoot. Introducing a feedback controller of the form 
 )()()),(),(( trNtGxttrtxum +−=  (5) 
then the model system is defined by 
 
NBB
BGAA
m
m
=
−= )(
 (6) 
where N  is a suitable scaling term, and the feedback gain 4ℜ∈G  is chosen such 
that the eigenvalues of the matrix mA  correspond to the design poles. The error 
state system then can be defined as 
 )()()()()()( trBtButxAAteAte mmm −+−+=&  (7) 
Defining a switching function as )()( tSets =  and a sliding surface as 
{ }0)( == tSeχ , a sliding mode controller is introduced of the form 
 )),(()),(()),(),(()( ttsutteuttrtxutu NLm ++=  (8) 
 where the linear component Lu  and discontinuous component Nu  are 
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where ρ  and Φ  are design variables, and the model following input mu  is 
defined in equation (5). By substituting the sliding mode controller into the 
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system equation, it can be shown that, firstly the error state trajectory converges 
with the sliding surface providing that )(~ tSξρ > , where )(~ tξ  is the upper-
bound of the uncertainty vector )(tξ  and secondly that, during sliding motion, 
the error-state is governed by the system 
 ( ) )()()()( 1 tteASSBBIte m ξ+−= −&  (10) 
The sliding surface vector is designed such that the error system in equation (10) 
optimally converges to zero and is robust to the uncertainty. As before, pole 
assignment is used to find the sliding plane S , such that the error system poles 
lie on the left-real-axis. In this case, the poles are chosen to be to the left of the 
model system poles.   
2.2.   Linear State-feedback Controller 
Linear-state feedback and fuzzy-logic controllers have shown good results when 
applied to the soft-grasping problem and are adaptable to a wide range of sensor 
types. The general performance of a fuzzy-logic controller however, is difficult 
to gauge as it is dependent on tuning multiple degrees of freedom. Therefore, a 
linear state-feedback controller is chosen for performance comparison with the 
sliding mode approach. The design of the linear state-feedback controller is 
identical to the design of the model reference system. A state-feedback control 
law is defined in equation (5) where the feedback gain vector 4ℜ∈G  and 
scaling term N  are chosen by pole placement to produce a stiff system with 
good disturbance rejection properties.  
3.   Simulation and Results 
To demonstrate the efficacy of the proposed controller, the gripper in figure 1 is 
simulated picking up an unknown object. The system is implemented in the 
simulink environment using equation (1) to define the gripper–finger motion and 
a modified equation (2), that uses a non-linear continuous model for friction, to 
define object motion. The object is assumed to be constrained from rotation in 
all directions. The friction term is governed by the Lugre friction model [16].  
The controllers are investigated by simulating a gripper catching the 
different objects shown in table 1. Initially, the gripper has a contact force of 
0.5N on the object which is held stationary. The object is dropped while the 
gripper simultaneously accelerates upwards at 0.25m/sec2. For performance 
comparison, the controllers are tuned to give less than 0.01m slip for the nominal 
object. Slip and contact force response of the simulation for the state-feedback 
and sliding mode controllers is shown in figure 2 for each object in table 1. 
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Table 1: Object parameters 
 Nominal Object 2 Object 3 Object 4 
Mass oM  (Kg) 0.1  0.5  1  5  
Static friction sµ  0.8 0.3 0.5 0.8 
Dynamic friction dµ  0.4 0.1 0.35 0.4 
Stiffness gK  (N/m) 100  50  500  1000 
0σ  (N/m) 1.0x105  2.0x104  6.0x106  1.0x105  
1σ  (N sec/m) 1.0x102  1.5x103  2.0x104  1.0x102  
2σ (N sec/m) 0.4  1  10  0.4  
Stribeck Vel. sV  (m/sec) 0.001  0.004  0.03  0.001  
 
Figure 2: Slip and contact force response of robotic gripper simulation for state-feedback controller 
(dotted line) and sliding mode controller (solid line) for different objects 
4.   Discussion 
Object slip and contact force are applied by the state-feedback and sliding mode 
controller for each object parameter set. For the nominal object, the controllers 
are tuned to give a similar result for total object slip. However, the sliding mode 
controller shows a lower peak contact force than the state-feedback controller, 
and hence is better suited to soft-grasping. For the other objects, the sliding 
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mode controller is able to exhibit superior robustness to the state-feedback 
controller. In each case, as the object parameters are varied, the sliding mode 
controller response is more rapid, reducing the sliding time of the object and 
hence minimizing the total slip for the same peak contact force. 
5.   Conclusion 
A sliding mode controller, suitable for a wide class of gripper configurations, is 
developed for soft-grasping problem. The sliding mode controller is compared 
with a state-feedback controller using a simulation of a gripper grasping an 
object. The sliding mode controller showed superior performance to the linear 
state-feedback controller; including improved robustness to changes in object 
and gripper parameters, and more rapid response to object motion leading to 
reduced overall of slip for the same applied peak contact force. The robustness 
and rapid-performance properties of the sliding mode scheme make it highly 
desirable for application to the soft-grasping problem. 
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Abstract. Sliding mode control is a highly robust technique for 
control of systems with bounded uncertainty. In practice however, 
sliding mode controllers induce chatter in the system, degrading the 
system’s performance and damaging its physical components. In this 
paper, sliding mode controllers for chatter suppression are 
investigated. Harmonic linearization functions are presented for each 
of the sliding mode controllers, and are used to obtain estimations of 
the chattering amplitude and decay-rate of the closed-loop system. 
The aim is to assist in the tuning of chatter suppression sliding mode 
controllers to meet a desired system performance specification.  
1. Introduction 
Sliding mode control uses a relay in the feedback loop to drive a state-trajectory 
towards a ‘sliding surface’ and maintain it on this surface for all time. The sliding 
surface is designed so that, while the state-trajectory is in contact, the system 
exhibits desired dynamic properties and is invariant to matched uncertainty.  
The design of classical sliding mode controllers requires the relative degree of 
the system with respect to the output switching variable (or sliding variable) be 
equal to one [1]. In practice however, un-modeled parasitic dynamics in the 
actuators and sensors raise the relative degree of the system. If the relative degree 
is greater than three, then the relay in the feedback loop causes self-sustaining 
oscillations (limit-cycles) in the system output, which degrade the system’s 
performance and can damage its physical components. This phenomenon is 
referred to as chattering. The problem of chatter in sliding mode control is well-
studied [2, 3], and several chatter suppression sliding mode controllers have been 
proposed. The aim of this paper is to explore the affect on system behavior of using 
these chatter suppression controllers, in order to more effectively tune the 
controllers to meet a prescribed system performance. The following notation is 
used throughout this paper: A single-input single-output system, with 1st order 
parasitic dynamics on the actuator channel and each of the sensor channels, is 
expressed as 
uu
x
z
II
BA
u
x
z
A
s










+




















−
−=










1
0
0
~100
0
0
~
22
&
&
&
µ
µ , 










=
u
x
z
S
~
σ  (1) 
where nRz ∈  is the plant state-variable, nRx ∈  the sensor state variable, 1~ Ru ∈  
is the actuator state variable, and 1R∈σ  the output sliding variable. As µµ ,  are 
the time-constants of the parasitic dynamics, nnn RBRA ∈∈ × ,  are the plant 
matrices, and 12 +∈ nRS  is the output distribution matrix, which describes the 
sliding surface.  
2. Chatter Suppression Strategies 
2.1 Continuous Approximation Strategies 
Chattering can be suppressed by smoothing the discontinuity present in the closed-
loop by replacing the hard-relay with a continuous approximation. The smoother 
the approximation, the more the resultant chatter is attenuated, until chattering is 
no-longer an equilibrium solution, and the system converges with the sliding plane. 
Further smoothing has the effect of damping the system, reducing the number of 
diminishing oscillations before convergence. The trade-off for this advantage is 
that finite-time convergence with the sliding-plane cannot be guaranteed; rather the 
trajectory will converge within some small neighborhood about the sliding-plane, 
resulting in a steady-state error. The second disadvantage is the loss of invariance 
to matched uncertainty. The use of a hard relay in the feedback loop ensures the 
full influence of the controller is deployed when the trajectory departs from the 
sliding surface, regardless of the size of the perturbation. A continuous 
approximation on the other hand, deploys a control effort proportional to the 
deviation from the sliding surface, and thus, small perturbations are tolerated.  
The three most commonly used continuous approximation control laws are the 
boundary layer method, the sigmoid function method, and the power-law method. 
These functions are described below:  
1) The boundary layer method [4] replaces the discontinuous relay function 
with a saturation relay function. Within a bounded region, chosen by design, the 
sliding mode controller becomes a continuous high-gain linear controller. The 
controller has the following form 

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where δ  is the boundary-limit about the switching surface.  
2) The sigmoid function method has been used in both SISO and MIMO sliding 
mode controllers [1, 5, 6]. It has the form 
 δσ
σρσ
+
−= )(
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t
tu  (3) 
where 0>δ  is a small design constant that smoothes the discontinuity. 
3) The power-law method [1, 7] smoothes the relay by raising the switching 
function to a power δ  where 10 <≤ δ . This is coupled with a signum function to 
reflect the result across into the negative plane. The controller has the form 
 )(sgn)(),( tttu σσρσ δ−=  (4)  
2.2 Higher Order Sliding Modes 
The classical sliding mode controller assumes the system has relative degree one 
with respect to the switching variable )(tσ . Higher order sliding mode controllers 
allow this condition to be relaxed. For simplicity, the proceeding discussion will be 
reserved to sliding mode controllers designed for systems with relative degree 2. 
By convention, these controllers are referred to as 2-sliding mode controllers. 
Controllers for sliding mode systems with higher relative degrees have also been 
developed [8]. 
The twisting controller [9, 10] was an early evolution of 2-sliding mode control 
and has subsequently proved very popular with control practitioners. This can 
partly be attributed to the relative simplicity of its design. The twisting controller 
has the form 
 ( )))(sgn())(sgn( 21 trtru σσ &+−=  (5) 
where 1r   and 2r  are design parameters that satisfy 21 rr > .  
The generalized sub-optimal controller [2, 11] uses the extremal value of the 
switching variable, i.e. the maximum and minimum values of the switching 
variable, as an adaptive term within its structure. Unlike the other 2-sliding mode 
controllers, no intermediate differentiator is required to derive )(tσ& . This results in 
a simpler algorithm with less input noise. The controller has the form 
 ))(sgn( 21 Mrtru σσ −−=  (6) 
where Mσ  is the last extremal value of the sliding variable, and 2,1 rr  are design 
variables.  
3. Performance Estimation 
3.1 Stability 
The open-loop system in equation (1) can redefined as the thn  derivative of the 
output variable (sliding variable), i.e. 
 ),(),(),()()( tutxgtxhtn σσ +=  (7) 
where ),( txh  and ),( txg  are unknown smooth functions that can be determined 
from input-output relations, i.e. ),( txh  is the thn  derivative when 0=u , and 
( ) )(/),( )( tutxg nσ∂∂= . Both functions are assumed to be bounded by the 
constants  0,, >CKK Mm  such that 
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From these bounds, a differential inclusion is derived to obtain stability conditions 
for the sliding mode controllers. The conditions are given in table 1. 
Table .1. Stability conditions for sliding mode controllers. 
Controller Stability Condition 
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3.2 Harmonic linearization 
The decay-rate and chattering amplitude of a sliding mode controlled system can 
be estimated using the harmonic linearization of the controller. The accuracy of the 
linearization is dependent on the open-loop system having a frequency response 
equivalent to a low-pass filter. Otherwise the omission of higher order terms in the 
Fourier approximation contributes considerable error. The characteristic equation 
of the system in equation (1) is expressed as  
 0))(),(()()()( =+ ttFpBtpA σσσ &   (8) 
where p  is the laplace variable (for the linear components of the characteristic 
equation), and ))(),(( tptF σσ  the nonlinear controller. Assume that the state-
trajectory of the sliding variable )(tσ  can be satisfactorily approximated by a first 
order solution 
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where are )(tζ  and )(tω  are analogous to (but not the same as) damping ratio 
and damped frequency in second-order linear systems theory. It follows that 
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Thus, the first harmonic linearization of the nonlinear function is [12] 
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The harmonic linearization, in combination with the characteristic equation, is used 
to derive an amplitude dependent function of the damping ratio )(aζ . The time for 
the system to settle from an initial oscillation 0a  amplitude to a final amplitude 
ka  is given by 
 ∫=
ka
a
s da
aa
t
0 )(
1
ζ  (12) 
which is obtained from equation (8). Alternatively by setting 0=ζ , equation (7) 
is rearranged to give an expression to find chattering frequency and amplitude 
 ),0,(
1
)(
)()(
ωω
ω
ω
aNjA
jBjG −==   (13) 
where )( ωjG  is the open-loop frequency response. Equation (13) is the describing 
function method, which is used to graphically find limit-cycle solutions in 
nonlinear systems using Nyquist plots [13]. A stable limit-cycle occurs at a point of 
intersection between the open-loop frequency response of the system )( ωjG  and 
the negative reciprocal of the harmonic linearization. The amplitude a  and the 
frequency ω  at the intersection are the amplitude and frequency of the chatter. 
 The harmonic linearization of each of the controllers is given in table 2. The 
term a  is the chatter amplitude, and )(⋅Γ  is the gamma function. 
 Table .2. Harmonic Linearization of sliding mode controllers. 
Controller Describing Function 
Standard SMC aaN piρ /4)( =  
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4. Example 
Introducing a second order plant with fast-acting first order sensor and actuator 
dynamics  
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A switching function is defined using the nominal plant (ignoring the sensor and 
actuator dynamics) with the procedure outlined in Edwards and Spurgeon (1998) 
[1]. The switching function is given as 
 xx &+= 10σ   (15) 
A set of tuning parameters for each of the sliding mode control parameters are 
chosen to conservatively satisfy the stability conditions in table 1 for a range of 
uncertainty. The procedure in section 3.2 is followed for each of the controllers to 
predict chatter amplitude and settling time. The chattering amplitude is ascertained 
from the Nyquist plot using the graphical method described. Settling time is found 
by using a genetic algorithm to find ω  and ζ at discrete points of a , and then 
numerical integration to find a solution to equation (11). The predicted values are 
compared with a simulation, implemented using the Simulink environment 
(Mathworks Inc, USA). The results are shown in table 3. For each controller, the 
method outlined in section 3.2 is able to closely predict the chatter and settling time 
of the simulated system. 
Table .3. Harmonic Linearization of sliding mode controllers. 
Controller Controller 
Parameters 
Predicted 
Chattering 
Amplitude 
Actual 
Chattering 
Amplitude 
Predicted 
Settling 
Time† 
Actual 
Settling 
Time 
Standard SMC ρ = 10 0.3613 0.380 0.29  
(aF =0.4) 
0.26 
Saturation 
function 
ρ = 10 
δ = 0.25 
0.320 0.323 0.41 
(aF =0.35) 
0.31 
Sigmoid function ρ = 10 
δ = 0.05 
0.290 0.298 0.29 
(aF =0.35) 
0.25 
Power-law ρ = 10 
δ = 0.2 
0.261 0.270 0.24 
(aF =0.35) 
0.22 
Twisting 
controller 
r1 = 10 
r2 = 3 
0.174 0.188 0.13 
(aF =0.3) 
0.15 
Generalized Sub-
optimal controller 
r1 = 10 
r2 = 0.3 
0.161 0.172 0.17 
(aF =0.2) 
0.15 
† settling time is from 1)0( =σ  to Fa)( =stσ  (included in table) 
5. Conclusion 
Chatter suppression is an important area of research that aims to make sliding 
mode controllers practical in real systems. The source of chatter is the existence of 
fast-acting parasitic dynamics that inevitably exist in any real system, but are often 
ignored for simplicity. Recently, several variant sliding mode controllers have been 
suggested that can suppress chatter. It is important to know how these controllers 
affect the system in order to optimally tune them to meet a desired performance 
specification. In this paper, the problem of performance estimation of some 
popular chatter-suppression algorithms is addressed. All parasitic dynamics at the 
sensor and actuator side of the plant are modeled as fast-acting first order systems. 
A harmonic linearization of each of the controllers is proposed, and is used in a 
procedure to estimate chattering amplitude and settling time for a specific choice of 
tuning parameters. The procedure is intuitive, simple to implement, and relatively 
accurate, provided that the system is equivalent to a low-pass filter. The main 
contribution is to create a resource for control practitioners to design chatter-
suppressing sliding mode controllers for practical systems that meet a prescribed 
performance criteria. 
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